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PREFACE 

THIS  work  is  intended  to  form  a  systematic  course  of  instruction 
in  "  Electrical  Testing "  connected  with  Physics  and  Electrical 
Engineering.  It  is  difficult,  if  not  well-nigh  impossible,  to  draw 
any  distinctive  line  between  a  vast  number  of  experimental 
investigations  in  that  branch  of  Physics  termed  "  Electricity  and 
Magnetism"  and  the  more  elementary  portions  of  Electrical 
Engineering.  In  fact,  the  latter  may  be  regarded  as  the  develop- 
ment of  the  former  and  almost  entirely  dependent  on  it.  Thus 
the  author  has  little  hesitation  in  recommending  the  following 
course  of  experimental  work  as  eminently  suitable  for  constituting 
the  electrical  laboratory  practice  in  the  first  and  second  years  of 
a  complete  course  in  Electrical  Engineering  as  well  as  in  Physics. 
The  author  includes  in  a  separate  work  a  large  variety  of  tests  in 
advanced  electrical  engineering  work,  such  as  might  well  constitute 
the  latter  part  of  a  complete  course  of  instruction  in  this  branch 
of  industry.  As  far  as  has  been  practicable,  the  experimental 
investigations  have  been  arranged  in  the  order  in  which  they  may 
be  worked,  but  exceptions  have  arisen  owing  to  the  advisability 
of  keeping  certain  tests  of  a  similar  nature  together.  The 
arrangement  adopted  is  in  a  measure  similar  to  that  which  has 
been  in  use  for  some  years  past  at  the  Central  Technical  College 
of  the  City  and  Guilds  of  London,  but  is  a  considerable  extension 
of  that  arrangement.  The  author  has  endeavoured  to  make  the 
several  tests  as  complete  and  descriptive  as  possible,  and  in 
addition  to  the  "  Introduction "  of  each,  which  contains  the 
principal  theoretical  considerations  pertaining  to  the  test,  condensed 
as  much  as  possible,  a  complete  digest  of  the  method  of  performing 
the  experiment  with  a  diagram  of  apparatus  and  connections, 
represented  symbolically,  and  the  most  convenient  and  suitable 
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form  in  which  the  results  should  be  tabulated,  are  given,  together 
with  "  Inferences  "  to  be  deduced.  These  latter,  if  conscientiously 
worked  out,  are  calculated  to  cause  the  experimenter  to  think  and 
reason  for  himself.  Following  the  series  of  tests  is  an  Appendix 
containing  the  algebraical  solutions  of  the  various  formulae  used 
in  the  tests,  and  these  the  student  is  strongly  recommended  not  to 
refer  to  until  he  has  tried  by  all  the  means  in  his  power  to  solve 
the  inference  for  himself.  The  Appendix  also  contains  complete 
descriptions  and  sketches  of  almost  all  the  apparatus  which  may 
be  employed  in  carrying  out  the  tests,  and  it  is  such  as  will  be 
found,  to  a  large  extent,  in  almost  every  college  and  testing- 
room.  Useful  tables  and  data,  which  are  constantly  needed  in 
physical  and  electrical  engineering  work,  are  added  at  the  end 
of  the  book. 

It  is  sincerely  hoped  that  the  general  arrangement  of  the  present 
work  will  be  found  both  helpful  and  conducive  to  systematic  and 
valuable  results. 

A  considerable  amount  of  the  apparatus  illustrated  has  been 
constructed  by  the  mechanical  assistants,  Messrs.  John  Watkinson 
and  Herbert  Addy,  of  the  Physical  and  Electrical  Engineering 
Departments  of  the  Yorkshire  College  respectively. 

In  conclusion,  I  wish  to  express  my  sincere  thanks  to  my 
valued  friend  Mr.  Charles  Mercer,  M.A.,  for  the  very  consider- 
able amount  of  trouble  he  has  taken  in  producing  the  greater 
proportion  of  the  photographs  from  which  the  illustrations  are 
obtained,  to  Dr.  John  Henderson  for  permission  to  use  the  tables 
of  squares  and  reciprocals  of  numbers,  to  Mr.  S.  Joyce  for 
allowing  me  to  use  his  tables  of  sines  and  tangents,  to  Messrs. 
Kelvin  &  James  White  for  permission  to  use  the  table  of  doubled 
square  roots,  to  Her  Majesty's  Stationery  Office  for  allowing  me 
to  use  the  tables  of  logarithms  and  antilogarithms,  and  also  to 
Messrs.  Nalder  Bros.  &  Co.,  R.  W.  Paul,  Kelvin  &  James  White, 
and  W.  &  J.  George  for  their  kindness  in  lending  me  the  blocks 
of  some  of  the  illustrations  of  the  very  excellent  apparatus  made 
by  them. 

G.  D.  A.  P. 

THE  YORKSHIRE  COLLEGE,  LEEDS. 
January ',   1901. 
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PRACTICAL 
ELECTRICAL   TESTING 

1.  Curve  Plotting. 

Introduction. — It  is  of  paramount  importance  in  a  great  many 
kinds  of  work,  but  perhaps  more  especially  in  physics  and 
electrical  engineering,  to  thoroughly  grasp,  firstly,  the  great  con- 
venience, advantage,  and  practical  utility  of  representing  the 
results  of  any  experiment,  when  possible  graphically  (as  well  as 
in  tabular  form),  by  means  of  a  curve,  which  will  show  the  varia- 
tion of  one  quantity  with  another;  secondly,  the  method  of 
accurately  and  rapidly  plotting  such  curves  to  the  most  convenient 
scales  for  future  reference. 

By  means  of  a  curve,  the  way  in  which  two  quantities  vary 
together  can  not  only  be  seen  at  a  glance  far  more  easily  than 
from  the  table  of  results,  but  there  is  the  enormous  advantage  that 
any  intermediate  values  between  those  actually  obtained  from 
experiment  can  be  easily,  quickly,  and  accurately  deduced,  pro- 
viding the  curve  is  drawn  as  it  should  be.  In  order  to  more  fully 
illustrate  the  method  and  principles  involved  in  plotting  curves, 
tables  of  results  obtained  from  two  totally  different  experiments, 
together  with  their  corresponding  curves  drawn  on  squared  curve 
paper,  are  shown  in  Figs,  i  and  2. 

Instructions. — (i)  After  having  neatly  entered  up  the  re- 
sults of  the  experiment  in  a  "  finished  "  table,  note  carefully  the 
magnitudes  of  the  two  sets  of  quantities  to  be  plotted,  and  on 
which  axes  OA  and  OB  (Figs,  i  and  2)  each  is  to  be  plotted. 
Distances  measured  from  OB  along  lines  parallel  to  OA  are  called 
" ordinates"  those  parallel  to  OB  being  termed  " abscissa" 

(2)  Choose  the  numerical  value  of  the  lengths  of  the  axes  so 
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as  to  obtain  as  large  a  curve  as  possible,  for  this  will  enable  it  to 
be  drawn  more  accurately,  and  will  magnify  experimental  errors 
and  the  desired  result. 

.  (3)  Number  the  axes  at  well-defined  and  equal  intervals,  and 
at  no  other  points,  choosing  as  convenient  a  scale  as  possible  for 
readily  reckoning  intermediate  values. 

(4)  Write  along  each  axis  the  denomination  of  the  quantity 
plotted  thereon,  as  shown  in  Figs,  i  and  2. 

(5)  Plot  the  points  by  mentally  following  out  the  right  axes  to 
their  point  of  intersection,  using  a  convenient   notation  for  the 
points.     Thus,  if  several  curves  are  to  be  plotted  on  the  same 
sheet  of  curve  paper,  they  may  or  may  not  be  very  close  together, 
and  even  cross  one  another.      Hence,  to  avoid  confusion,  the 
following  notation  for  points  might  be  used  :  — 

X    X  X    X  X    X 

0O000O 


A  A  A  A  A  A 

(6)  Draw  a  probable  or  mean  curve  through  as  many  of  the 
points  as  possible  in  the  way  shown  (Figs,  i  and  2),  endeavouring 
to  get  as  many  of  the  erroneous  points  on  one  side  of  the  curve  as 
on  the  other,  but,  of  course,  as  many  on  the  curve  itself  as  possible. 

NOTE.  —  The  curve  line  should  be  thin  and  clear,  and,  unless 
otherwise  authorized,  the  curve  sheet  must  bear  no  other  numbers 
than  those  mentioned  in  (3)  above. 

On  no  account  should  any  other  curve  than  the  mean  one  be 
drawn.  Some  of  the  points,  all  of  which,  whether  erroneous  or 
not,  must  be  plotted,  are  sure  to  be  experimental  errors,  and 
would  give  an  irregular  and  erroneous  curve  if  the  latter  was 
drawn  through  all  of  them.  Thus  we  see  that  a  curve  corrects 
experimental  observations,  and  in  addition  enables  the  nature  of 
the  law  of  the  instrument  to  be  observed. 

Fig.  i  shows  the  relation  between  the  deflection  and  current 
producing  it  in  a  certain  galvanometer. 

Fig.  2  shows  that  between  the  .magnetic  induction  produced  in 
a  sample  of  iron  and  the  magnetizing  force  causing  it. 

The  first-named  is  what  is  called  the  "relative"  calibration 
curve  of  the  galvanometer.  If,  however,  the  values  of  current,  <r, 
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were  in  amperes,  it  would  be  the  "  absolute  "  calibration  curve  of 
the  instrument. 


TABLE  I. 


Current, 
C. 

Deflection, 
D. 

0*00025 

I 

•25 

0-00050 

2 

"SO 

O'OOIOO 

4 

•25 

0-00143 

7 

•oo 

0*00200 

10 

'5° 

0-00250 

12 

'SO 

0-00333 

17 

'SO 

0*00400 

19 

'IS 

0-00450 

22 

'SO 

0-00500     I       25*50 

TABLE  II. 


Induction, 
B. 

Magnetizing 
force,  H. 

5,000 

3'  2 

6,OOO 

3  '9 

7,000 

6-0 

8,000 

5  '4 

9,000 

6-3 

10,000 

6-1 

1  1,  COO 

8'5 

12,000 

io-6 

12,500 

IO'O 

13,000 

14-4 

13,500 

2O  'O 

14,000 

22-5 

14,500 

32-0 

15,000 

37-5 

16,000 

58-0 

16,500 

88-0 

COf>K£  -.7  CURVE 


Values   of  CusrerU  fCj 

FIG.  i. 


Magnetising  Force  (H)  in  C.  G.S.  measure 
FlG.  2. 
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2.  Delineation  of  Lines  of  Magnetic  Force 
(Compass = Needle  Method). 

Introduction. — In  the  medium  surrounding  any  magnetic 
body  whatsoever  a  "  magnetic  field "  of  force  always  exists,  and 
the  direction  in  which  a  free  north  pole  would  move  when  acted 
on  by  such  a  field  is  termed  a  "  line  of  magnetic  force"  Now,  the 
magnetic  field  in  the  vicinity  of,  for  instance,  a  bar  magnet  con- 
sists of  a  large  number  of  "  lines  of  force,"  each  forming  a  closed 
curve  or  loop,  and  the  intensity  of  such  a  field  will  be  represented 
by  the  number  of  lines  emerging  from  one- half  of  the  magnet 
which  pass  through  the  surrounding  air  and  enter  the  other  half  of 
the  magnet,  thus  completing  their  paths  through  the  magnet.  Thus, 
a  line  of  force  denotes  the  direction  of  the  force  acting  on  a  north 
pole  placed  in  the  field,  and  to  find  this  direction,  i.e.  that  in 

which  a  north  pole  would  move  if  free 
to  do  so,  we  may  proceed  as  follows, 
assuming  that  the  "law  of  inverse 
squares  "  holds  good,  namely,  that  the 
force  exerted  between  two  magnetic 
poles,  whether  of  attraction  or  repul- 
sion, is  inversely  proportional  to  the 
square  of  the  distance  between  them. 
FlG-  3-  Then,  referring  to  Fig.  3,  the  force 

acting  on  the  free  north  pole  at  P  due  to  N  is  oc  •  ,  and  may 
be  taken  as  P#,  direction  of  which  will  be  along  NP  produced. 
Now,  S  exerts  on  the  north  pole  at  P  an  attractive  force  oc 


i 


(SP)2' 

CNP)2 

which  must  be  denoted  by  a  line  =  Pw .  — -~  =  ~Ps.       Hence, 

(SP) 

the  free  pole  at  P  being  acted  on  by  two  forces,  P;/  and  Ps,  will 
have  a  resultant  force  represented,  in  magnitude  and  direction,  by 
the  diagonal  PQ  of  the  parallelogram,  of  which  P«  and  Ps  are 
adjacent  sides,  and  so  on  for  the  rest.  Thus  PQ,  QR,  RT  .  .  . 
form  elements  of  the  line  of  force,  which  will  eventually  reach  the 
south  pole  of  the  magnet.  We  cannot,  however,  separate  a  north 
pole  from  its  conjugate  south  pole  in  practice ;  but,  notwithstanding 
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this,  a  short  compass  needle  will  take  up  positions  represented  by 
those  elements  of  the  line  of  force  with  which  its  magnetic  axis  will 
coincide,  and  hence  enable  the  whole  line  to  be  mapped  out.  Jt 
must  be  clearly  understood  that  the  earth's  field  will  modify  the 
distribution  of  the  field  due  to  the  magnet,  as  also  would  any  other 
field,  and  the  object  of  the  present  experiment  is  to  determine  the 
distribution  of  the  lines  of  force  when  so  acted  upon. 

Apparatus. — Short  bar  magnet,  small  compass  needle,  large 
sheet  of  drawing-paper,  and  drawing-pins. 

Observations. — (i)  Pin  the  drawing-paper  to  the  table  or 
a  drawing-board,  with  one  of  its  sides  parallel  to  the  magnetic 
meridian  of  the  earth. 

(2)  Place  the  bar  magnet  near  one  side  of  the  paper  with 
its  magnetic  axis  parallel  to  the  meridian,  and  its  N.  pole  pointing 
towards  the  N.  geographical  pole  of  the  earth,  and  make  a  pencil 
line  round  it  at  a  distance  of  say  about  i  cm. 

N.B. — The  magnetic  N.  pole  of  the  earth,  though  not  actually 
coincident,  is  practically  the  same  as  the  S.  geographical  pole. 

(3)  Divide  the  long  sides  of  the  line  into  about  six  equal  parts, 
and  the  end  or  short  lines  into  about  four  equal  parts,  and  place 
the  compass  so  that  one  end  (call  it  A)  is  just  opposite  or  over 
one  of  the  marks,  o.     Then  make  a  pencil  point  or  mark,  i,  just 
opposite  the  other  end  (call  it  B)  of  the  needle. 

(4)  Next  slide  the  compass  along  in  the  direction  it  points 
until  end  A  is  over  mark  i ;  then  make  another  fresh  mark,  2, 
just  opposite  end  B,  and  so  on  until  the  whole  curve  01234... 
is  mapped  out.     Then  draw  a  neat  curve  through  all  these  points. 

(5)  Repeat  (2)-(4),  starting  from  each  of  the  other  marks  on 
the  rectangular  line. 

(6)  Repeat  (2)-($)  with   the  magnet   placed   near   the  other 
side  of  the  paper,  but  reversed  so  that  its  S.  pole  now  points 
toward  the  N.  geographical  pole  of  the  earth. 

Inferences. — What  can  you  infer  from  the  respective  distri- 
butions of  the  lines?  Point  out  their  bearing  on  fundamental 
principles  involved  with  magnetic  poles. 
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3.  Distribution  of  Magnetism  in  Bar  Magnets 
(Method   of  Oscillations). 

Introduction. — From  the  remarks  and  results  of  observa- 
tions in  the  last  experiment,  we  may  gather  that  every  uniformly 
magnetized  magnet  possesses  a  region,  approximately 
midway  between  its  ends,  from  which  no  lines  of  force 
emerge  into  the  air,  i.e.  a  region  at  which  there  is  no 
free  magnetism,  which  is  called  the  equator  of  the 
magnet.  The  intensity  of  magnetization  or  the  number 
of  lines  of  force  inside  the  magnet  is  greatest  here  at 
this  point,  and  diminishes  towards  the  ends,  where  the 
amount  of  free  magnetism  is  a  maximum.  Hence  any 
external  magnetic  effect  of  the  magnet  on  neighbouring 
bodies  will  be  a  minimum  at  the  equator  and  a  maximum 
at  the  poles.  Now,  suppose  a  short  magnetic  needle, 
us,  is  suspended  in  a  frame  of  brass,  E,  which  can  slide 
along  a  bar  magnet,  NS,  and  be  clamped  in  any  part 
by  a  screw,  c.  Then  from  p.  221,  we  see  that  if  the 
needle  oscillates  in  front  of  NS,  which  is  placed  ver- 
tically so  that  the  magnetic  axis  of  ns  cuts  it,  and  is  also  parallel 
to  the  magnetic  meridian,  then — 


where  T!  =  time  of  one  complete  oscillation  in  seconds  of  the 
needle  having  a  moment  of  inertia  K  and  magnetic  moment  M, 
HE  being  the  horizontal  intensity  of  the  earth's  field,  and  H,?l  being 
the  horizontal  component  of  the  magnet's  total  field;  for  mani- 
festly the  earth's  field  is  superimposed  on  that  of  NS,  resulting  in 
a  total  field  (Hm  +  HE)  acting  on  ns.  The  -f  and  —  sign  denotes 
whether  the  two  fields  are  acting  snmmationally  or  differentially 
respectively  on  the  needle,  which  will  depend  on  what  half  of 
NS  the  needle  is  opposite.  If  the  north  magnetic  pole  of  the 
earth  is  on  the  left,  and  the  south  magnetic  pole  of  the  earth  on 
the  right  of  Fig.  4,  then,  when  the  needle  is  below  the  equator  of  NS, 
the  north  pole  of  it  will  point  as  shown,  and  we  evidently  have  a 
differential  effect  of  the  fields  (HJJt  —  HE),  and  the  south  magnetism 
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of  NS  will  preponderate  over  the  north  magnetism  of  the  earth. 
If  the  needle  is  above  the  equator,  we  have  a  summational  effect  of 
the  fields  (HM  -f  HE).  If  n±  =  number  of  "  transits  "  of  the 
needle  per  second,  i.e.  the  number  of  times  one  end  swings  across 

the    magnetic    meridian   per   second,     T,  =  —  ,  and   the  above 

^i 
formula  becomes  — 

J.7T2K//  2  7T2K 

(Hm  ±  HE)  =  4-^-  =  —  .  <,  or  (Hm  ±  HE)  ex:  „* 

If  us  is  very  close  to  the  magnet,  Hm  will  be  proportional  to  the 
amount  of  free  magnetism  at  any  point,  and  HE  will  be  equal  to 

7T2K 

-;z2,  where  ;/  =  number  of  oscillations  per  second  in  the  earth's 
M 

field  alone.  Then,  for  two  different  positions  of  ns  on  the 
magnet  on  the  same  side  of  its  equator,  we  have  for  summational 

7T2K 

effect  of  magnet  and  earth  on  the  needle,  Hwl  =  -  (n^  —  ;/2), 
and  for  summational  effect  of  magnet  and  earth  on  the  needle, 

7T2K 

Hw2  =  1U~(^22  —  «2)>  where  ;/x  and  ;/2  =  number  of  transits  per 
second  in  the  two  positions.  Hence  — 


n?  - 


Hm2 
For  the  differential  effect— 


Hm2      n.?  -f  n- 

In  other  words,  the  strengths  of  two  single  fields  are  propor- 
tional to  the  squares  of  the  number  of  oscillations  performed  in 
each  by  the  same  suspended  needle. 

Thus,  by  placing  the  needle  at  different  parts  of  the  magnet, 
and  obtaining  the  number  of  vibrations  in  the  same  time  at  each, 
the  squares  of  these  will  be  proportional  to  the  free  magnetism  at 
each. 

Observations.  —  (i)  Remove  the  magnet  from  its  supporting 
clamp  (not  shown),  and  take  off  the  clamp  E  carefully.  Then, 
bringing  the  magnet  up  to  a  compass  card  or  other  galvanometer 
needle,  note  the  effect,  and  thus  determine  which  is  the  north  pole. 
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(2)  Replace  the  magnet  in  its  clamp  with  the  N.  pole  upper- 
most (say).     Place  E  at  one  end,  and  reduce  the  needle  to  com- 
plete rest. 

(3)  Give  the  needle  a  motion  of  rotation  of  about  20°  by 
bringing  an  outside  magnet  or  piece  of  iron  near  one  end.     Now 
remove  this  and  all  other  magnets  to  a  distance,  and  count  the 
number  of  transits,  N  of  one  end   in    say  two  minutes,  /,  and 
repeat  this  two  or  three  times,  and  take  the  mean  as  being  more 
accurate. 

(4)  Repeat  (2)  and  (3)  for  about  sixteen  or  twenty  positions  of 
the  clamp  on  the  magnet  right  up  to  the  other  end,  and  differing 
by  about  equal  amounts,  carefully  noting  where  the  needle  turns 
round. 

(5)  Remove  the  clamp  E  and  needle  to  a  position  quite  free 
from  the  influence  of  everything  except  the  earth's  field,  and  note 
the  number  of  transits  in  the  same  time,  and  tabulate  your  results 
as  follows : — 


Magnet  :  Length  =        cms.  ;  section  =         ;  transits  in  earth's  field,  n,  —        per  sec. 

Distance  along 
magnet. 

Total  transits, 

Time, 
t  sees. 

_  N/    Na  3N3 
t  '     t  '     /     ' 

I****** 

(6)  Plot  a  curve  having  values  of  (n*  ±  n2)  as  ordinates  (with 
due  regard  to  their  sign,  which  must  be  reckoned  -f-ve,  say  when 
E  is  above  the  equator  of  the  magnet,  and  — ve  when  below),  and 
distances  along  the  magnet  as  abscissae. 

Inferences. — What  sources  of  error  is  the  method  liable  to, 
and  from  your  curve  state  where  the  poles  of  the  magnet  are  ? 


4.  Distribution  of  Magnetism  in  Bar  Magnets 
(Induction  Ballistic  Method). 

Introduction. — Coulomb's  vibration  method  of  finding  the 
distribution  of  magnetism  in  a  bar  magnet  by  the  rapidity  of 
oscillation  of  a  small  magnetic  needle  placed  close  to  and  at 
different  parts  of  the  magnet,  is  not  an  accurate  one,  owing  (a)  to 
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the  close  proximity  of  needle  to  magnet  altering  the  distribution  ; 
(b)  to  inductive  action  of  latter  on  the  needle  temporarily  altering 
its  strength,  thereby  making  strong  and  weak  fields  relatively 
stronger  and  weaker  respectively  than  they  really  are.  The 
following  method,  depending  on  Faraday's  principle  of  induction, 
was  originally  used  by  Rees,  but  is  commonly  called  Rowland's 
method. 

Apparatus. — Low-resistance  ballistic  mirror  galvanometer,  G ; 
earth  inductor,  E  (p.  359) ;  magneto-inductor,  I  (p.  334),  consisting 
of  a  bobbin  wound  with  a  large  number  of  turns  of  insulated  wire 
of  low  resistance,  and  capable  of  being  moved  rapidly  through  a 
fixed  distance  along  the  bar  magnet,  M,  in  a  frame  which  may  be 
clamped  in  different  positions  on  M.  If  G,  E,  and  I  are  in  simple 
series,  then  on  suddenly  turning  E  through  1 80°  so  as  to  cut 
either  the  vertical  or  horizontal  component  of  the  earth's  field,  Flt 
the  whole  quantity  of  electricity  in  the  transient  current  set  up 

Q!  =  -     — ^— 1  =  K  sin  I0J0,  causing  a  first  throw  d^  scale-divisions, 

RI 

where  N\  =  number  of  turns  on  E.  A!  =  their  mean  area  in  square 
cms. ;  Rt  =  total  circuit  resistance;  K  =  "  ballistic  constant ; "  and  0° 
=  angular  throw  in  degrees.  If  I  is  now  suddenly  slipped  along,  it 
will  cut  a  field,  F2,  consisting  of  the  lines  of  force  which  emerge  from 
the  surface  of  the  magnet  at  the  part  over  which  I  passes.  Hence 

Q2  =  -     -  =  K  sin  -5-02°,  where  N2R2020  have  the  same  meaning 
Ra 

as  before.   .*.  F2  =  Fj       *    *  X  -j   (in    absolute    measure),   since 

JN2  #1 

R!    =    R2- 

Observations. — (i)  Connect  up  as  mentioned,  using  the 
long  flexible  twin  lead  to  connect  G  and  E  to  I,  which  must  be 
placed  vertically  some  distance  off.  Adjust  the  spot  of  light  to 
zero. 

(2)  Make  sure,  by  trial,  at  the  start  that  the  first  throw  (4)  on 
G,  produced  by  letting  I  slip  in  its  frame  by  its  own  weight,  is  just 
on  the  scale;  alter  the  controlling  magnet  of  G  to  get  this  if 
necessary. 

.  (3)  Clamp  the  frame  of  I  close  up  to  one  end  of  M,  and 
observe  twice  over  for  this  position  the  first  throw  on  G  when  I 
falls.  Note  the  mean  (d,)  and  the  position  (L)  of  I  from  one  end. 


IO 
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In  each  case  the  spot  of  light  must  be  absolutely  at  rest  prior  to 
slipping. 

(4)  Repeat  (3)  about  every  4  or  5  cms.  along  M,  and  tabulate 
as  follows :  — 

NI  =          turns;  N2  =          turns;  FI  =          C.G.S.  units;  AI  =  sq.  cms. ; 


Position  on 
magnet,  L. 

First  throws. 

Stray  field, 

Sign  of  deflec- 
tion, +  or  —  . 

First. 

Second. 

Mean,  d^. 

F2  _  Ki*2. 

(5)  Plot  a  curve  with  values  of  L  as  abscissae   and  F2  as 
ordinates. 

(6)  Find  the  position  of  the  poles  and  distance  between  them 
by  projecting  the  centre  of  gravity  of  each  area  on  to  the  abscissae. 


5.  Measurement  of  Magnetic  Dip 
(Dip  Circle  Method). 

Introduction. — The  magnetic  dip  at  any  place  is  the  angle 
which  the  magnetic  axis  of  a  magnetized  needle  makes  with  a 
horizontal  plane  when  it  is  free  to  turn  about  a  horizontal  axis 
perpendicular  to  the  magnetic  meridian. 

A  magnet  freed  from  all  forces  except  magnetic  ones  would 
in  the  earth's  magnetic  field  tend  to  point  in  the  direction  of  a  line 
of  force  at  the  place.  This  line  of  force,  and  consequently  the 
magnet,  will  only  be  horizontal  at  or  near  the  earth's  equator. 
Hence,  at  any  place — for  instance,  in  the  British  Isles — the  magnet 
will  "  dip  "  considerably. 

Errors  to  be  avoided.—  (a)  Error  from  eccentricity,  i.e.  axis 
of  rotation  of  needle  may  not  coincide  with  centre  of  vertical 
circle  —  eliminated  by  reading  both  ends  of  the  needle ;  (b) 
magnetic  axis  may  not  coincide  with  axis  of  figure — eliminated 
by  reversing  the  position  of  the  axis  of  rotation  of  the  needle. 
This  is  accomplished  by  rotating  the  box  of  the  dip  circle  through 
1 80°;  (c)  C.G.  may  not  coincide  with  axis  of  rotation  needle — 
eliminated  by  reversing  the  magnetic  polarity  of  the  needle; 
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(d)  rolling  friction — counteracted  or  minimized  by  gently  tapping 
the  base  of  the  instrument.     It  is  usually  very  small. 

We  will  now  consider  these  errors  more  in  detail  as  follows  : — 

Error  (a). — In  Fig.  5,  I.,  the  true  dip  is  AO*  or  BON,  and 
if  there  is  eccentricity,  what  we  read  off  at  one  end  is  AO#',  and 
at  the  other  BON' ;  but,  since  i.  n.  in. 

NN'  =  nn\  hence  the  mean  of 
the  readings  at  both  ends  gives 
the  dip  corrected  for  this  error. 
The  correction  is  more  im- 
portant in  the  "  dip  circle " 
than  in  most  other  instruments, 
because,  owing  to  the  needle 
rolling  on  its  pivots,  the  axis 
shifts  its  position  along  a 
horizontal  diameter  of  the 
graduated  circle. 

Error  (b).— In  Fig.  5,  IV. 
and  V.,  let  aB  represent  the 
axis  of  figure,  and  mm  the 
magnetic  axis.  Now,  it  is  mm  which  sets  itself  in  the  "line  of 
dip,"  whereas  it  is  aB  which  is  observed.  Therefore,  in  IV.  we 
get  too  large  a  value  for  the  dip.  If,  however,  we  rotate  the 
instrument  in  azimuth  through  180°  about  a  vertical  axis,  we  shall 
be  looking  at  the  other  face,  and  the  dip  will  now  be  too  small, 
as  seen  by  V.  Hence,  the  mean  of  the  two  gives  the  position 
of  the  magnetic  axis  mm,  which  is  what  we  require. 

Error  (c). — In  Fig.  5,  II.  and  II L,  aB  is  the  needle,  G  its 
centre  of  gravity,  and  O  the  axis  of  rotation.  Hence,  in  II.  it  will 
be  obvious  we  shall  get  too  large  an  angle  H  o 

of  dip.  If,  however,  the  polarity  of  the  needle 
is  reversed  so  that  the  end  B  now  dips,  as 
shown  in  III.,  instead  of  a  as  before,  the 
centre  of  gravity  will  now  be  above  O,  and 
hence  the  dip  will  be  too  small.  The  mean 
consequently  gives  the  dip  corrected  for 
error  (c). 

If  a  magnetic  needle  is  pivoted  on  a  hori- 
zontal axis  passing  through  its  centre  O,  and  is  free  to  rotate  in  a 
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vertical  plane  parallel  to  the  magnetic  meridian  of  the  earth, 
then,  if  F  =  the  total  force,  and  H  and  V  the  horizontal  and 
vertical  components  of  this  force  due  to  the  earth  — 


,  and  V  =  Htan0° 


.   T  =  -      O 

cos  0 

where  0°  =  angle  of  dip.1 

Observations.  —  (i)  Carefully  level  the  instrument,  if 
necessary,  by  means  of  the  levelling  screws  and  spirit  level. 
Lower  the  needle  on  to  the  knife  edges  if  it  is  resting  on  the 
forked  clamps. 

(2)  Turn  the  instrument  in  azimuth  until,  on  gently  tapping  it, 
the  needle  lies  vertically,  pointing  to  90°  on  the  scale.     Note  the 
reading  on  the  horizontal  scale. 

(3)  Now  turn  it  in  azimuth  through  90°  from  this  position 
in  (2),  when  the  needle  will  then  be  swinging  in  the  magnetic 
meridian. 

(4)  Read  both  ends  of  the  needle  to  o'8°  to  avoid  error  (a). 

(5)  Turn  the  instrument  in  azimuth  through  180°  and  repeat  (4) 
to  avoid  error  (b). 

(6)  Reverse  the  polarity  of  the  needle  to  correct  for  error  (c)y 
by  means  of  a  solenoid  and  current,  and  repeat  (i)-(5). 

N.B.  —  Before  commencing  the  observations  it  is  as  well  to  first 
strongly  re-magnetize  the  needle,  in  order  to  ensure  maximum 
sensibility,  and  in  all  cases  great  care  is  required  in  removing  it 
from  the  instrument  for  this  purpose,  in  order  to  -avoid  bending  or 
otherwise  damaging  the  axis  or  pivots. 

(7)  Tabulate  all  your  results  as  follows  :  — 


f  Face  of 
instrument 
pointing 

Reading  of 

Magnetism  reversed. 

Means. 

Mean  of 
all  the 
observations. 

Upper  end. 

Lower  end. 

Reading  of 
upper  end. 

Reading  of 
lower  end. 

East 
West 

Therefore  angle  of  "  inclination  "  or  "  dip  "  at 

1  For  accurate  work  most  elaborate  forms  of  "dip  circles"  can  be  used, 
for  a  description  of  which  the  reader  may  refer  to  Gordon's  "Treatise  on 
Electricity  and  Magnetism,"  vol.  i.  The  one  used  in  this  experiment  is  that 
shown  on  p.  335  of  this  book. 


Practical  Electrical  Testing.  13 

6.  Magnetic  Inclination  or  Dip  by  the 
Induction  Magnetometer. 

Introduction. — The  magnetic  dip  or  inclination  at  any  place 
is  the  angle  which  the  magnetic  axis  of  a  magnetized  needle  makes 
with  a  horizontal  plane,  when  it  is  free  to  turn  about  a  horizontal 
axis  perpendicular  to  the  magnetic  meridian.  It  may  be  found  by 
means  of  a  "dip  circle,"  or  by  the  following  method,  which 
possesses  several  advantages  over  the  dip  circle,  and  depends  on 
measuring  the  relative  values  of  the  horizontal  and  vertical  com- 
ponents of  the  earth's  magnetic  force.  This  is  done  by  comparing 
the  throws  produced  on  a  ballistic  galvanometer,  G,  connected  up 
to  an  earth  inductor,  E,  arranged  to  cut  the  above  components 
when  suitably  rotated. 

To  obtain  an  accurate  result,  the  following  precautions  must 
be  used  : — 

(a)  The  speed  of  turning  should  in  all  cases  be  about  the 
same. 

(b)  The  coil  should  be  turned  through  exactly  180°,  though 
an  error  of  i°  produces  no  sensible  error  in  the  results,  as  cos  i° 
=  I'ooo  very  approximately. 

(c)  In   cutting  the  horizontal  component  the  initial  and  final 
positions  of  the  plane  of  the  coil  should  be  perpendicular  to  the 
magnetic  meridian,  an  error  of  5°  making  o'8  per  cent,  error  in 
the  result. 

(d}  Axis  of  rotation  of  the  coil  should  be  in  a  vertical  plane 
perpendicular  to  the  meridian.  This  might  cause  the  most  serious 
error  of  any,  as  an  error  of  i°  produces  nearly  5  per  cent,  error  in 
the  result,  since  cos  69° •=  0*358  and  cos  70°  =  £'342. 

(e)  In  cutting  the  vertical  components  the  axis  should  be 
horizontal  and  in  the  magnetic  meridian,  i°  error  in  this  pro- 
ducing 0-3  per  cent.,  resultant  error. 

Observations. — (i)  Connect  up  and  adjust  the  galvanometer 
needle  to  zero. 

(2)  Horizontal  components. — Correct  for  error  (d)  by  making 
axis  of  E  vertical  by  means  of  a  plumb  line,  and  placing  packing 
under  the  base  if  necessary. 

(3)  With   the   spot  absolutely  at   rest   and    the  plane   of  E 
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perpendicular  to  the  magnetic  meridian,  quickly  rotate  it  through 
1 80°,  and  note  the  first  throw  dH  on  G. 

(4)  Repeat  (3)  several  times  at  the  same  speed  for  slightly 
different  positions  of  E,  turned  in  azimuth,  and  note  its  position 
giving  maximum  throw.      This  will  show  that  the  plane  is  truly 
perpendicular  to  the  meridian. 

(5)  With  the  base  of  E  fixed  in  this  position  take  about  twelve 
or  fifteen  throws,  and  note  the  mean  dK. 

(6)  Vertical  components. — Place  E  with  both  its  plane  and  axis 
horizontal  and  in  the  meridian.     Rapidly  rotate  it  through  180°, 
noting  the  throw.     Repeat  this  about  twelve  or  fifteen  times,  and 
note  the  mean  ^/v. 

(7)  Calculate  the  angle  of  dip  8°  from  the  relation  V  =  H  tan  8, 
and  tabulate  all  your  readings  in  a  convenient  form. 

Inferences. — Show  by  a  sketch  the  meaning  of  the  angle  of 
dip3  and  state  any  advantages  this  method  may  possess  over  other 
methods.  Prove  the  relation  given  in  (7)  above,  using  the 
fundamental  principles  of  the  earth  indicator. 


7.  Measurement  of  the  Magnetic  Moment 
of  a  Bar  Magnet  (Deflection  Method). 

Introduction. — This  method  can  be  performed  in  one  of 
two  ways,  according  to  the  relative  positions  of  the  magnet  tested, 
and  the  magnetic  meridian  of  the  earth. 

(A)  The  magnetic  axis  of  the  bar  magnet  pointing  east  and 
west,  and  passing  through  the  centre  of  the  suspended  needle. 
This  is  called  the  "  A.  position  of  Gauss." 

(B)  The  magnetic  axis  of  the  bar  magnet  pointing  east  and 
RJ    H  west,  but  the  line  joining  its  centre 
gj-'.Jj*  >p  with   that  of  the  needle  lies  in 

_____ Y- ______ NI ---- _--^qs---y  the  magnetic  meridian.     This  is 

«_«z/J^  <----2;£ — *  called  the  "  B.  position  of  Gauss." 

Hl  ;  ,  !  We  will  now  consider  the  first- 

t ----- & ----- •»! 

R'  named  position,   which   is    sym- 

FlG-  7-  bolically  represented  in  Fig.  7. 

The  magnetic  moment  M  is  defined  as  the  product  of  the 
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strength  ;;/  of  either  pole,  multiplied  by  the  length  2/  of  the 
magnet  in  centimetres,  or  M  =  2ml. 

This  quantity  is  of  considerable  importance,  for  several  reasons 
as  follows  :  The  strength  of  the  magnetic  field  in  the  vicinity  of 
a  magnet  is  directly  proportional  to  the  magnetic  moment  of  the 

M 

latter.     Again,  from  the  above  relation  m  =  -  - ;  hence,  since  4?r 

lines  offeree  emerge  from  unit  magnetic  pole,  the  number  N  emanat- 
ing from  a  magnet  of  strength ;//  is  N  =  \rrrn  =  -  — .  And,  further, 
if  the  cross-sectional  area  of  the  magnet  is  A  sq.  cms.,  the 
"  magnetic  induction  "  in  it  B  =  — - —  lines  per  square  centimetre. 

Referring  to  Fig.  7,  it  will  be  observed  that  whereas  N  is  attracting 
s  and  repelling  //,  S  is  doing  just  the  opposite.  Thus  the  actual 
deflection  of  ns  is  due  to  the  differential  effect  of  N  and  S  on 
it.  It  may  further  be  remarked  that  a  magnet  whose  length  is 
great  compared  with  its  breadth  can  be  supposed  to  have  two 
poles  equal  in  strength,  and  situated  at  its  ends. 

Apparatus. — Magnet  to  be  tested;  magnetometer  (p.  336), 
consisting  of  a  suspended  "  short "  magnetic  needle,  the  deflections 
of  which  can  be  read  on  a  circular  scale.  The  metre  scale  is  so 
placed  that  when  the  magnet  slides  to  and  from  the  needle,  its  axis 
passes  through  the  centre  of  the  needle. 

A.  Position :  Observations. — (i)  Level  the  baseboard 
of  the  magnetometer  by  means  of  the  levelling  screws,  so  that  the 
centre  of  the  needle  is  just  over  that  of  the  circular  scale,  and  at 
the  same  time  adjust  the  pointer  to  zero  by  slightly  turning  the 
instrument. 

N.B. — All  magnets  must  be  removed  to  a  distance  while  doing 
this. 

(2)  Bring  the  magnet  to  be  tested,  and  place  it  at  the  side 
of  the  scale  with  its  north  end  eastwards  and  centre  at  100  on  the 
scale.     Note  the  deflection  6°  (or  tan  6)  and  distance  d  cms.  of 
its  "  centre  "  from  that  of  the  needle. 

(3)  Repeat  (2)  with  the  south  end  of  t  the  magnet  pointing 
eastwards,  and  with  the  value  of  d  the  same.      Take  the  mean 
of  the  values  of  tan  0  obtained  in  (2)  and  (3)  for  this  value  of  d. 

(4)  Repeat  (2)  and  (3)  for  about  nine  values  of  d,  decreasing 
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10  cms.  at  a  time,  and  calculate  the  magnetic  moment  M  of  the 
magnet  from  the  formula  — 

2  -  /2)2 


M  = 


H  tan  0 


where  /=  half  the  length  of  magnet   in  centimetres,  and  H  = 
horizontal  intensity  of  the  earth's  magnetism  in  C.G.S.  units. 

(5)  From  the  mean  value  of  M  calculate  ;;/,  N,  and  B,  and 
tabulate  your  results  as  follows  :  — 


a  cms. 

Values  of 

Mean, 
tan  ti. 

M. 

North  pole  pointing  east. 

South  pole  pointing  east. 

#. 

tan  0. 

0. 

tan  0. 

Inferences. — Prove  the  formula  given  in  (4),  and  state  what 
assumptions  are  made  in  obtaining  it. 
B.  Position  :     Observations.  - 

(i)  Arrange   the   magnetometer   as    in 
-A-    Fig.  8,  and  repeat  A.  (i)  above. 

(2)  Place  the  magnet  NS  across  the 
scale  with  its  centre  at  some  convenient 
distance  d,  say,  100  cms.  from  ns,  if  not 
too   great   to   obtain  a  suitable  steady 
deflection  6°  (or  tan  6). 

(3)  Repeat  (2)  with  the  magnet  re- 
versed in   position,  i.e.  position  of  its 
poles  interchanged,  and  with  the  value 

N I i ^S— *-  of  d  the  same-     Take  the  mean  of  the 

values  of  tan  0  obtained  in  (2)  and  (3) 
for  this  value  of  d. 

(4)  Repeat   (2)   and   (3)  for  about 
nine   values  of  d,  decreasing  by  equal 

amounts  at  a  time,  and  calculate  the  magnetic  moment  M  of  the 
magnet  from  the  relation — 

3 

M  =  (d2  +  /2)2H  tan  0 

where  /  =  half  the  length  of  the  magnet  in  centimetres  and  H  as 
in  A.  (4)  above. 

(5;  From  the  mean  value  of  M  calculate  m,  N,  and  B,  and 
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tabulate  in  an  exactly  similar  manner  to  that  shown  in  A.  (5) 
above. 

Inferences. — Prove  the  relation  given  in  (4),  and  state  any 
assumption  made  in  obtaining  it. 


8.  Comparison   of  the   Magnetic   Moments 
of  Two  Magnets  (Deflection  Method). 

Introduction. — From  reference  to  the  preceding  tests,  it  will 
be  apparent  that  the  magnetic  moments  of  two  magnets  can  be 
readily  compared  by  observing  the  deflections  they  produce  on  a 
magnetometer  needle  at  the  same  distance  off,  d,  in  each  case. 
We  then  have — 

M!      tan  <9i  . 

-  =  -     -  for  each  position  of  Gauss 
M2      tan  02 

N.B. — The  student  should  read  through  the  preceding  tests 
carefully. 

Apparatus. — Same  as  for  the  last  experiments. 

Observations. — (i)  Apply  those  of  the  preceding  experiment 
with  each  of  the  magnets  to  be  compared,  using  both  A.  and  B. 
positions  in  each  case. 

(2)  Calculate  the  ratio  of  the  magnetic  moments  from  the 
above  relation,  and  tabulate  as  follows  for  each  position  : — 


Distance,  d. 

Deflections. 

M, 
M2 

_  tan  0i 

~  tan  #2 

f|. 

9* 

tan  ti\. 

tan  #2- 

1 

9.  Determination  of  the  Magnetic  Moment 
of  a  Bar  Magnet  (Vibration  Method). 

Introduction. — The  method  depends  on  a  well-known  prin- 
ciple in  mechanics,  namely,  that  when  a  body  oscillates  through 
a  small  angle  B,  from  its  position  of  rest,  about  a  given  axis  O, 
under  the  influence  of  a  force  F0,  which  tends  to  reduce  it  to 

c 


s        - 
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rest,   the  time  of  one   complete    oscillation  T,   in  seconds,   or, 
as  it  is  more  frequently  termed,  its  periodic  time  of  oscillation 

/K^ 
T,  =  27TA/  — ,  where  K  =  moment  of  inertia  of  the  body  about 

the  given  axis  O. 

To  apply  this  to  the  present  instance.  Let  NS  be  a  magnet 
suspended  by  a  torsionless  fibre  attached  to  its  centre  O,  such 
that  its  magnetic  axis  lies  perpendicular  to  the  magnetic  meridian 
AB.  Then,  if  m  is  the  strength  of  each 
of  its  poles,  and  H  the  horizontal  intensity 
of  the  earth's  magnetic  field,  there  are 
two  forces  each  =  H;w,  but  acting  in 
i  opposite  directions  perpendicular  to  and 

J.       at   the  ends  of  NS.     If  2/=the  length 

> |N     of  magnet,  then  the  moment  of  H;«  at 

N  about  O  =  H;;//,  and  the  moment  of 
Hw  at  S  about  O  =  Hw/,  and  hence  the 
total  moment  about  O  =  2^ml  =  the 
moment  of  the  couple  about  O.  But 
Rl  2ml  =  M,  the  magnetic  moment  of  the 

magnet,  therefore  the  force  acting  on  the 
magnet  tending  to  reduce  it  to  rest  =  H;;*/ 

=  HM.  Hence,  from  the  above  reasoning,  it  follows  that  the 
time  of  one  complete  vibration  of  this  magnet  in  the  earth's  field 

only  is  T  =  27r\/ ^TTjj  when  the  oscillations  are  very  small,  and 

where  K  =  moment  of  inertia  of  the  magnet,  depending  on  its 
shape,  mass,  and  dimensions. 

If  W  =  weight  of  the  magnet  in  grammes,  2/  its  length  in 
centimetres,  r  =  its  radius  (if  it  is  of  circular  cross-section),  and 
b  =  its  breadth,  measured  horizontally,  if  it  is  of  rectangular  cross- 
section,  then  we  have — 

For  a  cylindrical  bar  suspended  from  mid-point  of  horizontal 
axis — 


/  (2/)2      r  \ 
=  W  (  (-^  +  -  ) 
\   12         4  / 


For  a  rectangular  or  square  bar  suspended  in  same  way — 

(tt£±£\ 
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We  finally  have  the  magnetic  moment  M  =    ^     ,  from  which 

relation  we  see  that  the  horizontal  component  H  must  be  known 
to  be  able  to  apply  the  method. 

Apparatus.  —  Small  magnetic  rod  about  3  inches  long  (and 
cylindrical,  say)  ;  stop-watch  beating  quarter  seconds  ;  instrument 
for  suspending  the  rod  (p.  335). 

Observations.  —  (i)  Place  the  magnet  in  the  stirrup  of  the 
suspension,  and  make  it  hang  motionless.  Replace  the  glass  shade 
very  carefully  so  as  not  to  jar  the  instrument. 

(2)  Since  the  motion  of  the  magnet  must  be  one  of  pure  rota- 
tion, without  any  motion  of  translation,  bring  an  auxiliary  magnet 
up  to  such  a  distance  from  the  suspended  one  as  to  cause  it  to 
rotate  through  about  8°  to   10°  of  arc,  and  remove  all  outside 
magnets  or  iron  to  a  distance. 

(3)  Count  the  number  of  transits^  N,  i.e.  the  number  of  times 
one  end  of  the  needle  crosses  the  magnetic  meridian  or  its  position 
of  rest  in,  say,  two  minutes. 

(4)  Repeat  (2)  and  (3)  about  six  times  ;  then,  if  the  time  is  two 

N 
minutes,  the  number  of  transits  per  second,  n  =  —  ,  and  since  one 

complete  period  of  oscillation  T  =  two  transits,  therefore  \n  = 
number  of  periods  per  second  — 


.'.  M  = 


T2H 


4H 


H 


where  T  =  -. 
n 


(5)  Calculate  the  magnetic  moment  from  this  relation,  and 
from  the  mean,  the  values  of  m,  N,  and  B,  where  m  =  strength  of 
magnet's  pole,  N  =  number  of  lines  emerging  from  them,  and  B 
—  magnetic  induction  in  the  magnet,  and  tabulate  as  follows : — 


H  =     C.G.S.  units.  ;   wt.  of  magnet,  W,  =   grms.  ;  length,  /,  =     cms.  ;  breadth,  l>,  =    cms. 
K,  =                                                       or  radius,  rt  =        ,, 

No.  of  magnet. 

Time,  t 

sees. 

Transits,  N. 

N 
t=n 

M. 

Mean  value  of 
M. 

N.B. — The  way  in  which  ;;/,  N,  and  B  can  be  found  will  be 
seen  by  reference  to  the  "  Deflection  Method,"  p.  15. 
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10.  Comparison  of  the   Magnetic  Moments 
of  Two  Magnets  (Vibration  Method). 

Introduction.  —  It  will  be  obvious  that  without  knowing  H, 
the  horizontal  component  of  the  earth's  field,  the  magnetic 
moments  of  any  two  magnets  can  be  readily  compared  with  one 
another  by  subjecting  each  to  the  preceding  test.  In  other  words, 
the  magnetic  moments  of  two  magnets  can  be  compared  by 
observing  their  respective  periods  of  oscillation  in  the  same  mag- 
netic field  H,  for  we  have  — 


_  _  i 

Ml  -   TH  =        H 


and  Mo  = 


Mx       //^      T2% 
enCeM   =;7^r  =  T^K 

1V12  //2  JV2  1  i  JS.2 

Apparatus. — Same  as  for  the  last  experiment. 

Observations. — (i)  Apply  those  of  the  last  experiment  with 
each  of  the  magnets  to  be  compared. 

(2)  Calculate  the  ratio  of  the  magnetic  moments  from  the 
preceding  relation,  and  tabulate  as  follows  : — 

Magnet  No.      ;  weight,  Wlf  =        grms.  ;  length,  2/1,  =        cms.;  r\_  =        cms.  ;  KI  = 
Magnet  No.  ,,        W2,  =          ,,  „         2/2,  =•         „        r%  —         „        K2  = 


Times  in  seconds. 

No.  of  transits. 

Transits  per  second. 

M! 

Mean, 
M, 
MI 

t\- 

fe. 

NX- 

Si. 

-f 

N2 

«2=  — 
t2 

Ms 

11.  Distribution  of  the  Lines  of  Force  of  the 

Magnetic  Field  in   a  Dynamo 

(Iron  Filings  Method). 

Introduction. — The  present  experiment  is  arranged  with  a 
view  to  determining,  as  far  as  possible,  the  general  configuration  of 
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the  magnetic  field  in  and  around  a  dynamo,  and  to  see  approxi- 
mately how  this  is  affected  by  the  magnitude  of  the  magnetizing 
force  and  magnetic  induction  in  the  iron  parts.  It  is,  of  course, 
well  known  that  the  particular  form  given  to  the  field  magnets  and 
armature  of  a  dynamo,  together  with  the  sectional  areas  of  the 
various  parts,  very  materially  affect  the  relative  distributions  of 
the  lines  of  force  in  the  various  parts  of  the  machine  and  the 
space  surrounding  it.  The  principle  upon  which  this  method  of 
investigation  depends  is  based  on  the  fact  that  whenever  "  free 
magnetism  ".  is  existent,  i.e.  whenever  lines  of  force  emerge  from 
a  magnetic  body  and  traverse  the  surrounding  non-magnetic  space, 
their  presence,  in  a  greater  or  less  extent,  can  be  detected  by  iron 
filings  placed  in  this  "  stray  field,"  and  setting  themselves  along 
the  lines  of  force.  In  this  connection,  it  should  be  remembered 
that  an  absence  of  filings  in  any  part  indicates  either  a  complete 
absence  of  lines  of  force,  or  that  these  latter  are  contained  solely 
in  the  magnetic  material,  and  therefore  are  unable  to  produce 
external  influence  on  the  filings. 

Apparatus. — A  sheet  of  stiff  paper,  or  large,  slightly  milky 
glass  plate ;  box  of  iron  filings,  with  perforated  lid  ;  ammeter,  A ; 
carbon  rheostat,  R  (p.  307) ;  secondary  battery,  B  (p.  337) ;  model 
dynamo,  D,  to  be  experimented  upon  (p.  360) ;  switch,  S. 

Observations. — (i)  Connect  up  as  in  Fig.  10,  using  the  two 
outside  terminals  of  D,  and  adjust 
the  pointer  of  A  to  zero  if  necessary. 

(2)  With  S  open,  and  no  iron  rings 
between   the   poles,    place   the   stiff 
sheet  of  paper  or  glass  provided  over 
D,  and  carefully  sift  iron  filings  uni- 
formly  all  over  it,  very  gently  tap- 
ping  the  paper   so   as  to  assist  the 

filings   into   position,  too   many   of  I*'IG'  Ia 

which  should  not  be  used.  Copy  the  diagram  so  formed  into 
your  note-book,  with  their  relative  denseness  well  defined.  Lastly, 
return  the  filings  to  the  sifter. 

(3)  Still  with  no  iron  rings  between  the  poles,  and  with  R 
quite  loose,  close  S,  and  adjust  the  current  A  to,  say,  \  amp.,  the 
sheet  of  stiff  paper  being  in  position,  begin  to  sift,  etc.,  repeating 
the  latter  part  of  (2)  above. 
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(4)  Repeat  (3)  with  a  current  of  z\  amps. 

(5)  Repeat  (3)  and  (4)  with  each  of  the  iron  rings  in  position 
between  the  pole  faces  of  the  field  magnets. 

Inferences. — State  very  carefully  and  concisely  all  the  in- 
ferences which  can  be  drawn  from  your  experimental  results,  and 
point  out  their  bearing  on  the  construction  of  magnetic  circuits. 


12.  Measurement  of    the    "  Horizontal    In- 
tensity" of  the  Earth's  Magnetism 
(Method  of  Oscillations  and  Deflections). 

Introduction. — The  following  method  of  determining  the 
horizontal  component  "  H "  of  the  earth's  magnetic  force  is  a 
combination  of  the  vibration  and  deflection  methods  for  finding 
the  magnetic  moment  of  a  magnet  (vide  pp.  14  and  18).  Some 
refinements  and  precautions  are  here  necessary  which  were  not  of 
paramount  importance  in  the  above-named  experiments.  The 
magnetometer  should  be  a  more  delicate  one,  and  preferable  of 
the  form  shown  on  p.  337.  In  the  present  case,  its  deflections 
will  be  observed  by  means  of  a  small  telescope  and  illuminated 
scale  divided  in  millimetres.  In  this  case,  if  D  =  scale-deflection 
in  millimetres  and  0°  =  angular  deflection  of  the  magnetometer 
needle,  then,  since  the  angular  motion  of  the  reflected  ray  is 
double  that  of  the  mirror  with  its  attached  magnet,  we  have — 

D  D 

tan  26  =  — ,  or  tan  6  =  — r 
L  2L 

where  L  =  distance  from  mirror  to  scale  in  scale  divisions,  and  0 
is  a  very  small  angle,  which  generally  will  not  exceed  5°  or  6° 
of  arc. 

It  is  extremely  important  to  have  no  moving  pieces  of  mag- 
netic material  about,  and  to  avoid  all  draughts,  which  might  affect 
the  magnetometer  needle.  For  very  accurate  work  other  correc- 
tions are  needed,  namely,  for  the  magnitude  of  the  arc  of  oscilla- 
tion in  diminishing  the  time  T  of  vibration,  for  the  torsion  of 
the  suspensions,  air  churning  and  damping,  and  variations  in  tem- 
perature altering  the  magnetic  moment  during  the  test.  These 
are,  however,  all  very  small  quantities,  and  no  account  need  be 
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taken  of  them,  with  fairly  delicate  means  at  hand  in  testing,  in 
order  to  obtain  an  approximate  value  for  H.  The  value  of 
this  so  obtained  will  be  the  value  which  holds  in  the  room  the 
test  is  made  in,  and  may  be  somewhat  different  from  the  values 
obtained  for  the  year  from  tables.  Using  the  same  magnet  in  the 
two  cases,  we  have  by  oscillations — 


T2 

and  by  deflections — 

M_  (d*  -  /2)2 

using  the  "  A. position'' 

Hence,  dividing,  we  get — 

~  T2(^2  -  /2)2  tan  0 

and   if    D  =  the   scale-deflection   corresponding   to   an   angular 
motion  (f  of  the  needle,  then — 


~pyv 


NOTE. — T  =  -}  where  n  =  the  number  of  transits  per  second. 

Apparatus.— Delicate  magnetometer  with  accessories  (p.  337) ; 
instrument  for  taking  vibrations  (p.  335) ;  micrometer  gauge 
sensitive  chemical  weighing  balance ;  stop-watch ;  three  or  four 
similar  permanently  magnetized  steel  needles  about  10  cms.  long 
and  \  cm.  diameter. 

Observations. — (i)  Place  the  vibration  instrument  on  the 
magnetometer  table  and  a  needle  in  the  stirrup.  Bring  the 
needle  perfectly  to  rest  in  the  magnetic  meridian',  then  replace 
the  glass  shade  carefully  so  as  not  to  jar  the  needle,  and  make 
some  convenient  mark  on  the  shade  opposite  one  end. 

(2)  With  all  iron  and  magnets  removed  to  a  distance,  give  to 
the  needle  a  motion  of  pure  rotation  of  an  arc,  not  exceeding 
about  7°  or  8°  by  means  of  an  outside  magnet,  and  note  the  time  in 
seconds  of  100  transits  (N)  of  the  end  of  the  needle  past  the  mark. 

(3)  Repeat  (2)  about  three  or  four  times,  and  take  the  mean, 

N       100 
/  seconds.     Then  n  =  —  =   —  transits  per  second. 
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(4)  Place  the  magnetometer  in  position  on  the  table,  level  it, 
seeing  that  the  needle  is  quite  free  to  deflect,  and  adjust  the  spot 
of  light  to  zero  by  slightly  moving  the  scale  if  necessary. 

(5)  Place  the  same  magnetic  needle,  which  in  the  meanwhile 
has   been   carefully   guarded   against   vibration,    on    the    sliding 
carriage  (capable  of  moving  along  the  magnetometer  bench  due 
east  and  west),  with  its  magnetic  axis  due  east  and  west.     Then 
set  the  table  so  that  the  centre  of  the  magnet  and  magnetometer 
needle  are  d  cms.  apart,  causing  a  convenient  deflection  D  scale- 
divisions  of  the  latter. 

(6)  Reverse   the   needle    so   that  the  other  end  now  points 
towards  the  magnetometer,  and  at  the  same  distance  d  note  the 
deflection  D  again. 

(7)  Repeat  (5)  and  (6)  with  the  magnet  at  the  same  distance  d 
on  the  other  side  of  the  magnetometer,  and  take  the  mean  of  the 
four  deflections  D. 

(8)  Repeat  (5)-(7)  with  the  same  magnet  at  about  five  or  six 
different  distances,  d. 

(9)  Repeat  (i)-(8)  for  each  of  the  other  magnets,  and  tabulate 
all  your  results  as  follows  : — 

Distance  between  scale  and  mirror,  L,  =         scale-divisions. 


No.  of 
magnet. 

Weight, 
grms. 

Length, 

2/ 

cms. 

Radius, 
r 
cms. 

K. 

Transits. 

Time  in 
sees. 

Scale 

a    d^ 

flection, 
D. 

Distance, 
d  cms. 

H. 

Mean, 
H. 

N. 

Per  sec. 
N 
*=j 

t. 

T  —  — 

n 

(10)  Carefully  weigh  and  measure  the  magnets. 


13.   Proof  of  Ohm's   Law 
(Qalvanometer  Method). 

Introduction. — The  above-named  is  one  of  the  most  im- 
portant fundamental  laws  of  electricity.  It  states  that  the  differ- 
ence of  potential  (P.D.),  which  we  will  call  V,  at  the  ends  of  any 
conductor  at  constant  temperature  and  carrying  a  current  C,  always 
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bears  a  constant  ratio  to  that  current.  This  constant  ratio  is  called 
the  resistance  R  of  that  conductor.  In  symbols,  therefore,  we 

y 
have  R  =      =  constant  (at    constant   temperature),  or,  as  it  is 

V 

common   to   write   it,    C  =  -  .      Either  an   electrometer   (which 

R 

passes  no  current)  or  a  high-resistance  galvanometer  (which  will  pass 
only  a  very  small  current),  may  be  used  to  measure  the  P.D.,  and 
in  this  method  the  latter  will  be  used.  If  such  an  instrument  has  a 
very  high  resistance  compared  with  that  between  the  points  to  which 
it  is  applied,  its  indications  will  be  a  correct  measure  of  the  P.D. 
between  those  two  points.  It  is  im- 
portant to  carefully  distinguish  between 
the  E.M.F.  and  P.D.  respectively  at 
the  terminals  of  any  source  of  elec- 
tricity. The  E.M.F.  is  the  total  force 
tending  to  send  a  current  round  the 
whole  circuit,  whereas  the  P.D.  denotes 
the  available  force  for  the  external 

circuit  alone,  after  a  certain  deduction,  which  depends  on  the 
current,  is  made  for  the  potential  lost  in  the  generator  itself  of 
internal  resistance  b  ohms,  or  we  may  put  E  =  V  +  O.  If  now 
a  high-resistance  galvanometer  is  used,  it  will  pass  only  a  very 
small  current  C,  making  the  term  C/>  negligible,  whence  its 
deflections  will  be  proportional  to  E  or  V. 

Apparatus. — High- resistance  mirror  galvanometer,^ (p.  281) ; 
two  variable  known  resistance  boxes,  r^  and  r.2  \  reversing  switch,  S 
(p.  329) ;  spring  tapping-key,  K;  and  three  Daniell's  cells,  B. 

Observations. — (i)  Connect  up  as  shown  in  Fig.  n,  and 
adjust  the  galvanometer  needle  to  zero. 

(2)  With  one  Daniell's  cell  in  circuit  make  1\  =  i  ohm  (say) 
and  r.2  =  4999  ohms.     Press  K,  and  note  the  deflections  Ol  and  02 
either  side  of  zero  by  turning  S. 

(3)  Repeat  (2)  for   about  six  different  values  of  r,,  altering 
r.2  each  time  so  as  to  keep  ^  +  r.2  constant  and  equal  to  5000 
ohms. 

(4)  Repeat  (2)  and  (3)  with  two  and  three  cells  respectively  in 
circuit,  and  tabulate  as  follows  :— 
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No.  of 
cells  used. 

n- 

r2. 

n  +  rz. 

Deflection,  0\. 

i 
Deflection,  #2-'  Mean,  0. 

Value  of  — 

n 

(5)  Plot  a  curve  having  values  of  6  as  ordinates  and  ?\  as 
abscissae. 

Inferences. — State  clearly  all  the  inferences  which  you  can 
draw  from  the  results  of  your  experiment.  On  what  does  the 
constancy  of  the  figures  in  the  last  column  depend  ? 


14.   Proof  of  Ohm's   Law 
(Electrometer  Method). 

Introduction. — The  above-named,  as  already  stated  in  the 
preceding  test,  is  one  of  the  most  important  fundamental  laws  of 
electricity,  and  it  may  be  enunciated  thus — 

The  difference  of  potential  (P.D.)  measured  electrostatically, 
which  we  will  call  V,  at  the  ends  of  any  conductor  at  constant 
temperature,  and  carrying  a  current  C,  always  bears  a  constant  ratio 
to  that  current.  This  constant  ratio  is  called  the  resistance  R  of 

V 

that  conductor.    In  symbols,  therefore,  we  have  R  =  -  =  constant 

v_>» 

(at  constant  temperature),  or,  as   it   is  more  commonly  written, 

V 

C  =  — .     In  the  present  method  an  electrometer  (which  passes  no 

current  at  all)  will  be  used  in  place  of  the  galvanometer  of  the 
preceding  one,  and  it  may  be  used  in  one  or  other  of  two  ways  : 
(a)  ideostatically,  i.e.  with  the  needle  maintained  at  an  initial  high 
potential  by  means  of  a  "  dry  pile  "  or  other  independent  suitable 
source  of  E.M.F.,  in  which  case  the  deflection  caused  by  placing 
an  E.M.F.  across  the  quadrants  oc  P.D.  between  them  ;  (b)  hetero- 
statically,  i.e.  with  the  needle  merely  connected  to  one  pair  of 
quadrants,  in  which  case  the  deflection  oc  (P.D.)2.  These  two 
relations  follow  at  once  from  the  following  formula  for  the  quad- 
rant electrometer : — 

If  N  =  P.D.  between  the  needle  and  earth  or  framework  of 
the  instrument, 
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Q!  =  P.D.  between  one  pair  of  quadrants  and  earth  or  frame 

work  of  the  instrument, 
and  Q2  =  P.D.  between  the  other  pair  of  quadrants  and  earth  or 

framework  of  the  instrument, 
then  the  deflection  of  the  spot  of  light  on  the  scale  is — 


from  which  we  see  that  d  is  more  nearly  oc  Q:  —  Q2,  and  that  the 
sensibility  of  the  instrument  becomes  greater  as  N  increases.  A 
reversing  key  should  always  be  used  with  an  electrometer,  and 
should  be  so  arranged  that  when  the  instrument  is  not  in  use  the 
quadrants  are  short  circuited. 

Apparatus. — Reflecting  electrometer,  V  (p.  289),  and  its 
reversing  key,  Kj  (p.  298) ;  source  of  potential,  P,  for  charging  the 
needle;  galvanometer,  G  (p.  271),  merely  for  indicating  the  cur- 
rent; battery,  B,  of  about  12  cells  of  fairly  constant  E.M.F. ;  key, 
K;  platinoid  resistance,  R. 

Observations. — (i)  Connect  up  as  in  Fig.  12,  where  N  is 
the  terminal  of  the  needle  of  V  and  Q15  Q2  those  of  the  two  pairs 
of  quadrants.  If  P  is  a 
battery,  the  negative  pole 
should  be  either  earthed,  i.e. 
connected  to  the  nearest 
gas  or  water  pipe,  or  con- 
nected to  the  case  of  V. 
Adjust  both  V  and  G  to 
zero. 

(2)  Using  only  two  cells  Qi    )N 
for  B,  put  /  of  K!  to  i  and     fWjfflr 
close  K  by  continued  tap- 
ping, so  as  to  "  nurse "  the 

deflections  up  to  their  steady 

full   values.      In    this    way 

large  flings  and  waste  of  time  in  waiting  for  the  deflection  to 

become  steady  will  be  avoided.     Note  the  steady  deflection  D  on 

V  and  d  on  G.     Repeat-  this  with  /  to  2,  K  still  being  closed, 

and  note  the  deflections  again,  using  the  mean. 

(3)  Repeat  (2),  using  4,  6,  8,  10,  and  12,  or  more  cells  succes- 
sively, and  calculate  the  ratio  —  for  each.    Tabulate  as  follows : — 


FIG.  12. 
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Number 
of  cells 
used. 

Approximate 
potential  of 
needle. 

Current 
through  R, 
ct. 

P.D.  across  R  oc  to  deflections  to 

Constant 
D 
d 

Right  D. 

LeftD. 

Mean  D. 

(5)  Plot  a  curve  having  values  of  D  as  ordi nates  and  d  as 
abscissae. 


15.   Sensitiveness  of  Galvanometers 
(Figure  of  Merit). 

Introduction. — The  sensitiveness,  or  "figure  of  merit"  of  a 
galvanometer,  as  it  is  variously  termed,  is  reckoned  in  one  or 
other  of  two  ways :  (a)  as  the  current  in  amperes  required  to  pro- 
duce unit  deflection ;  (b)  as  the  resistance  of  the  circuit  containing 
the  instrument  through  which  i  volt  P.D.  will  cause  unit  deflec- 
tion. The  former  is  manifestly  the  most  natural  way  of  express- 
ing it,  and  is  the  one  which  the  author  prefers  to  adopt,  though 
the  latter  way  is  the  one  most  frequently  adopted  commercially. 

It  should  be  carefully  noted  in  all  cases  that  for  the  figure  of 
merit  to  be  of  future  use,  the  position  of  the  scale  and  needle  of 
the  galvanometer  must  be  fixed  relatively  to  one  another,  and  the 
position  of  the  controlling  magnet  (if  there  is  one)  carefully  noted, 
as  both  will  affect  the  figure  of  merit. 

Apparatus. — Galvanometer,  G,  to  be  tested  ;  high  resistance, 
;-;  key,  K;  Daniell's  cell,  B,  preferably  newly  made  up.  Its 

E.M.F.  may  be  taken  to  vary  between  1*04 

and  1*12  volts,  the  mean  1*08  being  assumed 

for  the  experiment. 

Observations. — (i)  Connect    up    as  in 

Fig.  13,  and  adjust  the  galvanometer  needle 

to  zero. 

(2)  Adjust  ;•  so  that  on  pressing  K  a  steady  deflection   of 
about  one-tenth  of  the  available  part  of  the  scale  is  obtained. 
Note  this  deflection  d  and  the  value  of  r. 

(3)  Repeat  (2)  for  about  ten  different  deflections,  rising  by 
about  equal  increments  to  the  maximum  scale  reading. 


FIG.  13. 
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(4)  Repeat  (2)  and  (3)  for  a  different  position  of  the  con- 
trolling magnet,  and  tabulate  as  follows  : — 


Resistance        ;  galvanometer,  G,  —         ohms  ;  battery,  B,  =          ohms. 

Position  of 
controlling 
magnet. 

r. 

Total  circuit 
resistance, 
R  =  (r  +  B  +  G). 

Deflection, 
d. 

Figure  of  merit, 
i  -08 

16.   Relation   between   Deflection   and 
Current  in  Mirror  Galvanometers. 

Introduction. — In  experimental  work  it  is  of  great  impor- 
tance to  know  the  "  relative  "  (and  in  some  cases  the  "  absolute  ") 
calibration  curve  of  some  form  of  galvanometer,  i.e.  the  way  in 
which  the  deflections  vary  with  the  strengths  of  the  various 
currents  producing  them.  In  many  types,  particularly  in  non- 
reflecting  instruments,  the  deflections  are  only  proportional  to  the 
currents  for  a  very  small  angular  motion  of  tlje  needle,  so  that 
though  the  current  producing  a  deflection  of  eight  might  be  just 
double  that  giving  four,  one  producing  sixty  might  be  much 
greater  than  fifteen  times  the  current  giving  four.  The  following 
experiment  will  enable  the  relation,  in  the  case  of  mirror  galvano- 
meters, whether  of  the  suspended  needle  or  coil  type  (for  a 
detailed  description  on  the  construction  of  which  see  p.  265,  etseq.), 
to  be  determined,  and  also  show  the  way  in  which  a  galvanometer 
can  be  calibrated  (relatively)  by  the  "  resistance  method." 

Apparatus. — Mirror  galvanometer,  G,  to  be  tested;   resist- 
ance box,  R  ;  spring  tapping-key,  K2 ; 
Leclanche  cell,  B  ;  reversing  key,  Kx. 

Observations. — (i)  Connect  up 
as  indicated  in  Fig.  14,  and  adjust 
the  spot  of  light  to  zero. 

(2)  Close  Kx  and  K2,  and  adjust  FlG"  I4' 

R  so  as  to  get  a  deflection  of  about  one-twelfth  of  the  maximum 
scale -reading.  Note  this  and  the  value  of  R,  and  by  means  of  Kx 
note  the  deflection  on  the  other  side  of  zero. 

(3)  Repeat  (2)  for  about  twelve  different  deflections,  rising  by 
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about  equal  increments  to  the  maximum  obtainable,  and  tabulate 
as  follows : — 


Form  of  galvanometer  used  ;  resistance,  g,  —       ohms  ; 

battery  resistance,  b,  =        ohms. 


Total  resistance, 

Current,  C^-TT— 

Deflections. 

R. 

(R+*  +  J)=RT 

«s; 

Right. 

Left. 

Mean,  d. 

(4)  Plot  a  "  calibration  "  curve  having  values  of  C  as  abscissae 
and  d  as  ordinates. 

Inferences. — What  inferences  can  you  draw  from  the  results 
of  your  experiment,  and  how  could  the  "absolute  calibration 
curve  "of  the  galvanometer  be  obtained  ? 


17.  Calibration  of  a  "Sine"  Galvanometer 
(Constant  Current  Method). 

Introduction. — The  following  method,  due  to  Mr.  T.  Mather, 
is  a  very  simple  and  convenient  one  for  calibrating  a  galvanometer 
throughout  the  whole  range  of  its  scale  on  the  "  sine  "  principle. 
Any  galvanometer  can  be  used  as  a  sine  galvanometer  providing 
(a)  the  controlling  field  or  force  acting  on  the  needle  is  constant 
in  magnitude  and  direction;  (b)  the  deflecting  force,  although 
variable  in  its  direction  in  space,  must  act  in  a  fixed  direction 
relatively  to  the  needle ;  (c)  it  can  turn  in  a  horizontal  plane  about 
a  point  which  is  coincident  with  the  centre  of  the  needle. 

If  now  a  certain  current,  which  we  will  call  C,  deflects  the 
needle  through  6°,  and  with  it  still  flowing  and  constant  in 
strength,  the  galvanometer  with  its  scale  is  turned  round  so  that 
the  pointer  again  points  to  its  original  position  on  the  scale, 
then,  on  breaking  the  circuit,  the  needle  will  swing  back  into  the 
magnetic  meridian,  describing  an  arc  of  6°  to  its  position  of  rest, 
and  we  shall  now  have — 

C  «  sin  Of 

Apparatus. — The  galvanometer,  G,  capable  of  rotating  in  a 
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horizontal  azimuth  about  its  centre ;  source  of  constant  E.M.F.,  E  ; 
key,  K. 

Observations. — (i)  Connect   up  the    above    apparatus    in 
series,  and  remove  any  neighbouring  magnets  to  a  distance. 

(2)  Close  K  and  turn  G  round  so  that  the  pointer  is  at  10°  on 
the  scale,  which  we  will  call  0°.     Open  K,  and  note  the  position 
on  the  scale  0.°,  at  which  the  pointer  comes  to  rest. 

(3)  Repeat  (2)  every  10°  up  to  70°  or  80°,  and  calculate  the 

values  of  -  —  .     Tabulate  your  results  in  a  convenient 

sin  (0!  -  02 ) 

manner. 

(4)  Plot  the  calibration  curve   of  the  galvanometer,  having 

values  of  deflection  Ol  as  abscissae,  and  - — — — ,  which  is  pro- 
sin  (6/i  —  v.2) 

portional  to  current  strength,  as  ordinates. 

Inferences. — If  the  galvanometer  is  fixed  with  its  pointer  at 

sin  #! 

O,   when    no    current    passes,   show   that   - — — —  <x  current 

sin  (&i  —  v.2) 

strength  causing  a  deflection  0°  from  O. 


18.  Calibration  of  a  Galvanometer  by  Com= 
parison  with  a  Standard  Galvanometer. 

Introduction. — It  may  sometimes  be  necessary  to  know, 
when  using  a  particular  galvanometer,  what  relation  exists  between 
various  deflections  and  the  currents  producing  them.  This  can 
be  at  once  found  in  a  very  simple  manner  by  comparing  the 
galvanometer  deflections  with  those  produced  by  the  same  currents 
on  either  a  tangent  or  mirror  or  other  galvanometer,  the  relation 
between  the  deflections  and  currents  in  which  is  accurately  known. 
The  present  experiment  is  arranged  for  the  purpose  of  so  calibrating 
the  unknown  galvanometer. 

Apparatus. — Standard  galvanometer,  G ;  galvanometer  to  be 
calibrated,,^;  continuously  variable  resistance,  Rh  (p.  309);  key, 
IM;  battery,  B;  and  reversing  key,  K2  (p.  329). 

Observations. — (i)  Connect  up  as  in  Fig.  15,  and  adjust 
the  needles  of  both  G  and  g  to  zero. 
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(2)  Close  K!  and  K2  and  alter  Rh  so  that  a  deflection  ^  of 
about  one-tenth  of  the  full  scale  is  obtained  on  g.  Note  this  and 

the  reading  of  the  standard  galvano- 
meter D. 

(3)  Reverse  the  current  through  g 
by   turning  K2    round,  with  K!    still 

\\ tittltlt^  closed,  and  G  reading   the   same  as 

in  (2).     Now  note  the  deflection  d.2 
on  g  on  the  opposite  side  of  zero. 

(4)  Repeat  (2)  and  (3)  for  about  nine  or  ten  different  deflec- 
tions on  g,  rising  by  about  equal  increments  to  the  maximum  scale 
reading,  and  tabulate  your  results  as  follows  : — 


Standard  galvanometer  used  ;  type 

Deflection,  D. 

Current,  D, 
or  tan  D. 

rfl. 

Si. 

Mean  or  true 
deflection  on 
g  =  i(rfi  +  rfa). 

(5)  Plot  a  calibration  curve  having  values  of  current  strengths 
as  obtained  from  the  standard  as  ordinates  and  values  of  ^(d^  +  <&)> 
or  deflections  on  galvanometer  to  be  tested  as  abscissae. 

Inferences. — How  could  G  be  adapted  to  the  test  if  its 
sensibility  was  much  greater  than  that  of  g?  What  would  be  the 
result  if  it  was  so  much  more  sensitive  ? 


19.  Measurement  of  the  Strength  of  the 
Magnetic  Field  due  to  a  Constant 
Current  flowing  round  a  Circular  Coil. 

Introduction. — It  is  a  matter  of  considerable  importance  to 
be  able  to  predict  the  way  in  which  the  strength  of  the  magnetic 
field,  or,  in  other  words,  the  sensitiveness  of  a  galvanometer,  will 
vary  with  the  number  of  turns  in  the  coils,  its  diameter,  and  its 
position  with  respect  to  the  needle.  The  following  experiment 
will  enable  this  to  be  determined  experimentally,  and  is  divided 
into  three  distinct  parts,  A,  B,  and  C. 

A  is  to  determine  the  effect  of  altering  the  number  and  radius 
of  the  convolutions. 
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B  is  to  compare  the  strength  of  field  at  different  points  in  tJie 
plane  of  the  coils. 

C  is  to  compare  the  strength  of  field  at  different  points  along 
the  axis  of  the  coils. 

Apparatus. — An  auxiliary  galvanometer,^,  merely  for  the 
purpose  of  showing  that  the  current  flowing  in  the  circuit  is  con- 
stant in  strength ;  spring  tapping-key,  K ;  an  adjustable  resistance, 
R ;  battery,  B ;  arrangement  of  coils  and  magnetic  needle,  G,  to 
experiment  upon,  consisting  of  two  bobbins  and  needle,  as  follows 
(vide  p.  270) :  On  the  large  bobbin  there  are  two  distinct  circuits 
of  10  and  30  turns  of  wire  respectively,  having  a  mean  radius  r  of 
20  cms.  On  the  small  bobbin  there  is  one  circuit  of  10  turns, 
having  a  mean  radius  ;•  of  10  cms.  By  means  of  pins,  grooves, 
and  scales  the  bobbins  can  be  placed  in  any  desired  position 
relatively  to  the  needle. 

Observations. — A.  (i)  Adjust  the  pointer  to  zero  by  slightly 
turning  the  baseboard,  and  be  careful  not 
to  move  it  during  the  experiments. 

(2)  Place  the  large  and  small  bobbins 
so    that   their    centres   coincide   with   the 
centre  of  the  magnetic  needle,  and  their 
planes  contain  its  axis. 

(3)  Send  a  convenient   current   round 
the  10  turns  on  the  small  bobbin,  and  note 
the  deflection  0°  produced. 

(4)  Send  an  equal  current  round  10,  20,   30,  and  40  turns 
successively  of  the  large   bobbin,  and   note   the   corresponding 
deflections. 

Tabulate  your  results  as  follows  : — 


FIG.  16. 


tan  0 

Coil  or 
bobbin. 

Current  in 
circuit. 

Deflection, 
0°. 

tan  0. 

No.  of  turns, 
n. 

Values  of- 
r 

n 

r 

(5)  Plot  a  curve   having   for   abscissae 


the  values  of  -  and 
r 


for  ordinates  tan  9. 

(6)  Observe  how  nearly  a  deflection  o°  is  produced  by  passing 
the  same  current  round  20  turns  of  the  large  coil  in  one  direction, 
and  10  turns  of  the  same  coil  in  the  opposite  direction. 

D 
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B.  (i)  Take  away  the  small  coil,  and  arrange  the  large  one 
so  as  to  be  capable  of  moving  in  its  own  plane. 

(2)  Keep  the  current  constant  round  20  turns  on  the  large 
coil,  and  note  the  deflections  0  produced  when  the  centres  of 
the  coil  and  magnet  are  at  different  distances  d  cms.  apart.  Six 
readings  should  be  taken  between  the  extreme  positions  possible 
with  (a)  the  magnet  inside  the  coil,  (b)  with  it  outside  the  coil. 

Tabulate  as  follows  : — 


Magnetic  needle  inside  the  coil. 

Magnetic  needle  outside  the  coil. 

Distance,  d 
cms. 

Current. 

Deflection, 
0. 

tantf. 

Distance,  d 
cms. 

Current. 

Deflection, 
0. 

tantf. 

(3)  Plot  curves  having  values  of  d  as  abscissae  and  tan  0  as 
ordinates. 

C.  (i)  Place  the  large  coil  in  its  initial  position,  and  arrange 
it  so  as  to  be  capable  of  moving  perpendicular  to  its  own  plane. 

(2)  Keep  the  current  constant  round  40  turns  of  the  large 
coil,  and  note  the  deflections  6°  produced  when  the  centres  of  the 
coil  and  magnet  are  at  about  eight  different  distances  ^cms.  apart, 
increasing  by  equal  increments  from  o  to  the  maximum  possible. 

Tabulate  as  follows  : — 


Distance,  d 
cms. 

Current. 

Deflection,  D. 

tan0. 

v*'°es°f_7=;t^ 

(3)  Plot  a  curve  having  values  of 


as    abscissae 


and  tan  6  as  ordinates. 

D.  Repeat  experiments  B  and  C  with  the  small  coil,  and 
tabulate  your  results  in  like  manner. 

Inferences.  —  Write  out  clearly  all  the  inferences  which  can 
be  drawn  from  the  above  experiments,  and  point  out  their  bearing 
on  the  construction  of  galvanometers.  Prove  theoretically  that 
the  strength  of  the  magnetic  field  produced  is  proportional  to 


What  precautions  ought  to  be  taken  in  the  above  experiments  ? 
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20.  Resistance  of  a  Uniform  Wire  at  Con- 
stant Temperature  proportional  to  its 
Length  (Direct  Experimental  Proof). 

Introduction. — The  following  is  a  very  simple  and  convenient 
means  of  proving  the  important  relation  stated  above  by.  means  of 
Ohm's  law.  Any  uniform  wire  may  be  used,  but  the  most  con- 
venient arrangement  will  be  to  use  the  stretched  wire  on  a  metre 
bridge,  as  different  lengths  of  it  can  be  at  once  measured  by  the 
scale  over  which  it  is  stretched. 

Apparatus. — The  metre  bridge,  PQ;  high- resistance  galvano- 
meter, G;  rheostat,  R  (p.  309) ;  key,  K;  battery  of  constant  E.M.F., 
such  as  a  secondary  cell,  B. 

Observations. — (i)  Connect  up  as  in  Fig.  17,  and  adjust 
the  galvanometer  needle  to  zero  on  the  scale. 

(2)  Set  the  sliding  key  Kx  of  the  bridge  at  or  near  the  end 
Q  of  the  stretched  wire,  and  adjust 

R  so  as  to  obtain  nearly  a  full-scale 
deflection  d  on  the  galvanometer; 
when  K!  is  closed  after  K  is  pressed, 
note  the  position  D  of  Kj  on  the  scale 
and  the  deflection  d  of  the  galvano- 
meter. 

(3)  Repeat  (2)  every  10  cms.  down  the  scale  to  the  other  end. 
NOTE. — If  a  tangent  or  sine  galvanometer   is  used,  then  A 

will  equal  tan  d  or  sin  d  as  the  case  may  be,  where  d  is  in  degrees. 
If  it  is  a  mirror  galvanometer,  then  A  =  d  simply. 
Tabulate  your  observations  as  follows  : — 


Galvanometer  resistance,  G,  =            ohms  ;  type  used 

Distance,  D. 

Deflection,  d. 

Current  A  through 
galvanometer. 

D 
A 

(4)  Plot  a  curve  having  values  of  D  as  abscissae  and  A  as 
ordinates. 

Inferences. — Why  should  the  galvanometer  have  a  high 
resistance  ?  and  how  would  the  test  be  affected  if  it  had  a  low 
one  ?  Is  the  method  based  on  any  assumptions  ?  If  so,  state  them. 
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21.   Measurement  of    Resistance    by   the 
Substitution   Method. 

Introduction. — This  is  the  simplest  of  all  methods  of 
measuring  electrical  resistance,  and  is  an  application  of  Ohm's 
law.  The  equality  of  two  currents  of  electricity,  as  indicated  on 
a  suitable  galvanometer,  is  the  only  thing  observed,  the  actual 
value  of  a  certain  standard  known  resistance  producing  this  being 
read  off,  and  giving,  without  any  calculation,  the  value  of  the 
unknown  resistance. 

Apparatus. — Leclanche  cell,  B ;  sensitive  galvanometer,  G 
(p.  287) ;  two-way  key,  K ;  resistance,  /-,  to  be  measured ;  standard 
box  of  known  resistances,  R  (p.  315);  resistance  box,  S,  for  use 

as  a  shunt  to  G  in  such  a  way  that 
if  G  is  too  sensitive,  and  gives  too 
large  a  deflection  with  r  in  circuit, 
the  resistance  S  can  be  reduced  so 
as  to  shunt  more  current  past  G, 
and  so  diminish  its  deflection. 

Observations.  —  (i)  Connect 
up  as  indicated  in  Fig.  18,  and 
adjust  the  needle  of  G  to  zero. 

(2)  Turn  K  so  as  to  place  ;•  in 
circuit,  and  adjust  S  (if  necessary  at  all)  to  get  about  a  quarter- 
scale  deflection  d. 

(3)  Leaving  S  as  in  (2),  turn  K  so  as  to  place  R  in  circuit ; 
now  adjust  R  so  as  to  exactly  reproduce  the  deflection  d  again. 
Then  r  =  R  so  found. 

(4)  Repeat  (2)  and  (3)  for  each  of  the  unknown  resistances 
provided. 

(5)  Repeat  (2)-(4)  for  a  half  and  three-quarter-scale  deflection, 
and  tabulate  your  results  as  follows : — 


FIG.  18. 


.  Resistance 
tested. 

For  reference  only. 

Unknown 
resistance, 
R  =  r. 

Mean, 
r. 

Shunt,  S. 

Deflection, 
d. 

Inferences. — State   clearly   any  assumptions    made   in  the 
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experiment,  and  show  clearly  how  the  above  relation  between  r 
and  R  is  arrived  at. 


22.  Measurement  of   Resistance  by  the 
Metre  Form  of  Wheatstone  Bridge. 

Introduction.  —  This  is  by  far  the  most  accurate  and  expeditious 
method  of  measuring  resistance,  and  it  depends  on  the  fact  that  if 
any  point,  H,  be  taken  in  one  of  two  conductors,  AHD  and  ACD, 
in  parallel,  and  carrying  a  current,  then  some  point,  C,  can  always 
be  found  in  the  other  having  exactly  the  same  potential  as  H. 
Hence  no  current  will  flow  in  a 
conductor  joining  these  two  points 
H  and  C;  but  the  resistances  of 
the  two  parts  of  each  parallel  branch 
either  side  of  these  points  will  then 
bear  a  simple  and  definite  relation 
to  one  another. 

A  Wheatstone  bridge  (W.B.)  is  a 
special  arrangement  for  easily  ob- 
taining this  relation, 
and  consists  of  six 
conductors  joined 
three  and  three  to- 
gether at  four  points. 
The  four  conductors 
joining  the  points 
consecutively  are 
called  the  "  arms  "  of 
the  W.B.,  and  the  two 
remaining  conductors  contain  a  galvanometer,  G,  and  battery,  B, 
respectively  (Fig.  19,  1.).,  Two  arms,  rs  and  ;-4,  can  be  formed  by  a 
box  of  proportional  coils,  or,  as  in  the  present  case,  by  a  platinum- 
iridium  wire,  AD  (Fig.  19,  II.),  i  metre  long,  and  of  uniform 
cross-section,  stretched  over  a  metre  scale.  The  other  two  arms 
consist  respectively  of  a  resistance  box,  r.2,  and  unknown  resist- 
ance, rlt  to  be  measured.  If  the  resistances,  ;'1}  r2,  r3j  r4,  of 


FlG- 
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the  arms  (taken  consecutively)  have  the  relation  rtr3  =  rj\,  called 
the  "  Law  of  the  W.B.,"  then  no  current  will  pass  through  G,  and 
therefore  there  will  be  no  deflection  when  the  currents  in  the  arms 
have  reached  their  steady  values.  This  "  balance  "  will  still  hold 
good,  even  if  the  positions  of  G  and  B  be  interchanged,  and  they 
are  therefore  called  conjugate  positions.  The  battery  key  Kx  must 
always  depressed  before  tJu  galvanometer  key  K2  to  get  over  any  in- 
ductive action  in  ?\  (if  present).  In  other  words,  the  battery  key 
must  be  pressed  first  for  just  long  enough  to  allow  the  currents  to 
arrive  at  their  steady  values  in  all  parts  of  the  bridge  before  the 
galvanometer  key  is  closed.  If  this  is  not  done  when  measuring 
resistances  of  the  nature  of  an  electromagnet,  balancing  to  obtain 
no  deflection  on  the  galvanometer  will  be  impossible,  owing  to  the 
extra  kick  due  to  the  phenomena  known  as  self-induction.  K2  is  a 
sliding  key  capable  of  making  contact  with  any  point  of  AD,  and 
it  must  on  no  account  be  moved  when  pressed.  The  sensibility  of  the 
metre  B  is  increased  by  lengthening  AD,  and  any  error  made  in 
the  position  of  K2  will  have  least  effect  on  the  calculated  resistance 
when  K2  is  in  the  middle  portions  of  AD.  The  method  has  the 
great  advantage  of  being  a  null  one,  i.e.  one  in  which  no  deflection 
has  to  be  obtained.  If  any  therm o-current  effects  are  observed, 
they  can  be  eliminated  by  inserting  a  reversing  key  in  the  battery 
circuit. 

Apparatus. — Metre  bridge  complete  with  its  sliding  key,  K2 ; 
sensitive  reflecting  galvanometer,  G ;  spring  tapping-key,  Kt ; 
battery,  B,  of  one  or  more  Leclanche  cells ;  standard  known 
adjustable  resistance,  ;2 ;  resistance,  rlt  to  be  tested. 

Observations. — (i)  Connect  up  as  indicated  (Fig.  19,  II.), 
and  adjust  the  galvanometer  to  about  zero. 

(2)  Insert  a  suitable  resistance,  as  r.2,  and  balance  the  bridge 
by  pressing  Kx  first  and  then  moving  K2  until  no  deflection  occurs 
on  pressing  it.  Note  the  value  of ;  2  and  the  lengths  of  AD  each 
side  of  K2,  which  are  directly  proportional  to  r.A  and  r4. 

N.B. — At  all  times,  except  when  balance  is  almost  obtained,  the 
keys  should  be  closed  for  the  shortest  possible  time,  so  as  not  to  allow 
the  current  time  to  warm  up  the  resistances,  and  so  alter  their  value. 
To  see  if  a  balance  is  possible,  tap  K2  for  an  instant  gently  near  each 
end  of  the  scale,  and  if  the  galvanometer  deflects  to  opposite  sides 
of  zero,  there  will  be  a  point  of  balance  somewhere  between  them. 
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(3)  Repeat  (2)  for  about  six  different  values  of  r.2,  and  do  the 
same  for  each  of  the  other  resistances  to  be  tested,  tabulating  your 
results  as  follows  : — 


Form  of  resistance 
tested. 

Standard,  r%. 

*"3- 

r±. 

Unknown, 

"  =  ?,*- 

Mean  value,  r±  ohms. 

Inferences. — Prove  from  Ohm's  law  that  i\i\  —  ;y4  if  no 
current  flows  through  G.  On  what  does  the  accuracy  of  this 
method  depend  ? 


of     Resistance 
Pattern  of  the 


by    the 
Wheat- 


23.   Measurement 
"Post  Office" 
stone   Bridge. 

Introduction.  —  It  is  assumed  that  the  metre  form  of  Wheat- 
stone  bridge  (W.B.)  has  already  been  used.  The  Post  Office  (P.O.) 
pattern  (Fig.  20,  II.)  is  merely  a 
specially  arranged  and  compact 
form  of  W.B.  placed  in  a  suitable 
box  for  portable  purposes.  If 
the  principle  and  action  of  a 
W.B.  is  understood  at  all,  and  the 
stamping  opposite  the  various 
terminals  in  the  P.O.  form  ob- 
served, it  ought  to  be  impossible 
to  couple  up  incorrectly.  Each 
of  the  "  proportional  arms  "  ra  and 
r4  consists  of  three  resistance  coils 
of  10,  100,  and  1000  ohms  re- 


spectively, hence  the  ratio  -  or  - 

r4  r'A 

can  be  made  a  very  simple  num- 
ber.     QRST    (Fig.    20,    II.) 


II. 


IS 


the  "  adjustable  arm  "  r2,  and  it  consists  of  sixteen  different  coils 
and  one  infinity  plug  either  at  Q,  R,  or  S.  The  value  of  r.2  can  be 
made  anything  from  i  to  11,110  ohms.  Opposite  two  of  the 
terminals,  N  and  T,  is  marked  "  Galvanometer,  Line  "  and  "  Line, 
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Copper,  or  Earth  "  respectively.  This  is  because  the  P.O.  form  is 
primarily  intended  for  measuring  the  metallic  and  insulation 
resistance  of  telegraph  lines,  and  hence  in  the  first  case  that  line 
would  be  joined  to  N  and  T,  and  in  the  second  case  only  one  end 
to  N,  the  other  being  free  and  insulated,  T  then  being  put  to  earth. 
As  therefore  we  are  measuring  metallic  resistance  r^  it  is  put 
between  N  and  T.  The  terminals  to  which  the  battery  B  must  be 
connected  are  equally  obvious.  The  white  dotted  lines  on  the  top 
show  where  the  under  contacts  of  the  keys  Kj  and  K2  are  joined 
to  inside  the  box.  In  any  form  of  W.B.  variation  of  the  battery 
E.M.F.,  or  its  resistance,  or  that  of  the  galvanometer  G,  has  no 
effect  on  the  accuracy  of  the  measurement.  The  sensitiveness  of 
the  test,  though  principally  depending  on  that  of  G,  can  be 
increased  within  limits  by  using  a  larger  E.M.F.  and  making 
ra,  r^  rs,  and  r4  as  nearly  equal  as  possible.  The  battery  key  K2 
must  always  be  pressed  before  the  galvanometer  key  K15  to  allow  the 
currents  in  the  arms  to  become  steady  before  pressing  K2.  The 
battery  key  should  be  pressed  for  as  short  a  time  as  possible,  so  as 
to  prevent  the  coils  being  heated  by  the  current  and  their  resistance 
thereby  altered.  In  inserting  plugs  press  in  lightly  and  give  about 
one-eighth  of  a  turn  to  insure  good  electrical  contact.  Reverse  this 
operation  when  removing  them.  The  ends  of  all  connecting  wires 
should  be  scraped  clean.  For  a  description  of  the  P.O.  form  of 
Wheatstone  bridge,  vide  p.  319. 

Observations. — (i)  Connect  up  as  indicated  in  Fig.  20,  II., 
and  adjust  the  galvanometer  needle  to  zero. 

(2)  Note  once  for  all  the  direction  in  which  G  deflects  when  r.2 
(Fig.  20,  II.)  is  too  large  to  give  balance  (done  by  taking  out 
"  Inf "  in  rz  with,  say,  rs  =  r4  =  10). 

NOTE. — Until  balance  is  nearly  obtained,  only  tap  Kj  for  a 
fraction  of  a  second. 

(3)  Make  ;-3  =  r4  =  10,  and  balance  the  bridge  by  altering  r.2 
so  as  to  get  no  deflection  on  pressing  K2  and  then  K!.     If  it  is 
impossible  to  get  exact  balance,  note  the  steady  deflection  when  r.2 
is  just  too  large  and  too  small,  and  calculate  the  correct  inter- 
mediate resistance  to  give  balance,  by  proportion. 

(4)  Repeat  (3)  for  rs  =  ;-4  =  100  and  1000  respectively,  and 
then  for  all  possible  permutations  of  the  coils  in  rz  and  1\  taken 
two  together,  one  out  of  each  proportional  arm. 
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NOTE.  —  If  the  unknown  resistance  ?\  is  greater  than 
11,110  ohms,  then  r4  will  be  greater  than  r.A,  but  if  i\  is  less 
than  ii,no  ohms,  then  r4  may  be  either  equal  or  less  than  r3. 

Tabulate  as  follows  : — 


Resistance 
tested. 

Proportional  arms. 

Adjustable 
arm,  rz* 

Unknown  resistance, 

n  =  **n 

Mean,  r\. 

7-3-             |            *-4- 

NOTE. — The  limits  of  the  P.O.  bridge  are(-~§-u-  x  i  =)  o'oi  ohm 
and  (^o0  X  ii,iio=)i,ui  ,000  ohms ;  but  measurements  become 
less  accurate  as  they  approach  these  limits. 


24.   Measurement  of  Resistance  by  the 
Differential  Galvanometer. 

Introduction. — The  differential  galvanometer  method  of 
measuring  resistance  is  simple,  accurate,  and  in  many  cases  a 
convenient  one.  It  has,  in  common  with  the  Wheatstone  bridge 
(W.B.)  method,  the  advantages  of  being  a  zero  method,  and  also 
of  being  independent  of  the  constancy  of  the  working  battery, 
though  for  some  reasons  the  W.B.  method  is  to  be  preferred. 
The  galvanometer  must  accurately  fulfil  two  conditions:  (a)  its 
two  coils  must  be  of  exactly  equal  resistance  ;  (b)  they  must  have 
exactly  equal  magnetic  effects  on  the  needle.  To  obtain  the 
maximum  magnetic  effect  or  sensibility  the  resistance  of  each  of 
the  two  coils  should  be  about  one-third  of  that  to  be  tested.  The 
range  of  utility  of  the  galvanometer  can  be  considerably  extended, 
and,  in  fact,  made  equivalent  to  that  of  a  W.B.  by  the  use  of 
shunts.  Thus,  if  the  two  galvanometer  coils  are  shunted  by 

resistances  Si  and  S2  respectively,  then  [  i  +  —  Jx  =  (  i  -f-  -*-  )R> 

82  *  Si/ 

tfrom  which  we  see  that  if  x  was  known  to  be  large  compared  with 


£    v  v 

R,  we  should  only  use  one  shunt  Sj  =  -,  — »  or  -        (say),  whereas 

9   99         999 

if  x  was  small  compared  with  R,  we   should  only  use  the  one 
shunt  So  of  similar  value  as  above. 
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Apparatus. — Sensitive  reflecting  differential  galvanometer,  g 

(p.  281),  with  its  shunts, Sl5  S.2 ;  battery,  b ;  key,  K;  adjustable  known 

resistance  box,  R  (p.  315) ;  and  the  resistance,  x,  to  be  measured. 

Observations. — (i)  Adjust  the  galvanometer  as  follows  :  (a) 

needle  to  zero  by  means  of  the  controlling  magnet ;  (b)  by  turning 

the  levelling  screws  so  that 
on  sending  a  current  through 
the  two  coils  connected  up 
in  opposing  series  no  deflection 
is  produced. 

(2)  Connect  up  as  shown 
in  Fig.  21,  and  adjust  R  so 
that  on  pressing  K  there  is 
no  deflection  on  g.  Note 
the  value  of  R,  which  there- 
fore =  x. 

N.B. — If  it  is  impossible  to  obtain  no  deflection  with  the 
available  values  of  resistances  in  R,  adjust  R  by  the  smallest 
possible  amount,  so  as  to  get  deflections  on  each  side  of  zero, 
then  calculate  by  proportion  the  true  resistance  which  it  would  be 
necessary  to  insert  at  R  so  as  to  obtain  no  deflection. 

(3)  Repeat  (2)  for  different  values  of  shunts  applied  separately 
to  each  galvanometer  coil,  and  also  to  both  together,  and  tabulate 
as  follows  : — 


Resistance  of  each  galvanometer  coil,,^,  =            ohms. 

Shunt,  Si. 

Shunt,  82- 

Right. 

Left. 

True  res. 
R  ohms. 

--Sit* 

R. 

Deflection. 

R. 

Deflection. 

Inferences. — Prove  the  formula  given  in  the  last  column  of 
the  table,  and  state  any  assumptions  made  in  deducing  it. 


25.    Measurement  of  High  Resistance  by 
the  Substitution  Method. 

Introduction. — The  Wheatstone  bridge  is  quite  unsuitable 
for  measuring  very  high  resistances  amounting  to  a  megohm  and 
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upwards.  This  is  due  to  the  fact  that  the  bridge  is  not  being 
used  under  the  most  sensitive  conditions,  and  that  even  a  delicate 
high-resistance  Thomson  galvanometer  would  not  be  sensitive 
enough  to  indicate  an  accurate  balance.  The  following  is  a 
simple  and  accurate  method  of 
measuring  very  high  resistances. 
It  will  almost  always  be  impossible 
to  reproduce  the  deflection  which 
was  obtained  with  the  unknown 
resistance  alone  in  circuit,  by  alter- 
ing the  known,  as  very  high  adjust- 
able known  resistances  are  seldom 
available.  In  such  cases  thet  re- 
spective deflections  are  used  in 
calculating  the  unknown,  and  these  should  be  as  nearly  equal 
as  possible  to  give  maximum  accuracy. 

NOTE. — To  avoid  damaging  the  galvanometer,  which  is  a  very 
delicate  one,  the  shunt  box  provided  with  it  must  always  be  used 
in  the  way  indicated  below. 

Apparatus. — Delicate  high-resistance  Thomson  galvanometer, 
G  (p.  284)  j  shunt  box,  S  (p.  323) ;  known  high  resistance,  R 
•(p.  314)  j  unknown  resistance,  r  ;  battery,  B ; "two-way,  high-insula- 
tion key,  K  (p.  327). 

Observations. — (i)  With  the  short-circuit  key  of  S  down, 
connect  S  up  to  G  first,  and  then  the  rest  of  the  circuit  as  in- 
dicated. 

(2)  With  it  still  down,  gently  tap  K  for  a  fraction  of  a  second 
so  as  to  complete  circuit  through  r  ;  then,  if  the  deflection   is 
inappreciable,  release  K,  plug  up  the  g™  shunt,  and  remove  the 
short  circuit.     Again  tap  as  before,  and  if  still  too  small,  release 
K,  plug  up  9*9,  and  so  on  until  a  convenient  steady  deflection  dr 
is  obtained.     Note  this  and  the  shunt  S,.  in  use  at  the  time  (if 
any). 

N.B. — The  key  K  must  always  be  released  before  altering  the 
shunt  S. 

(3)  Repeat  (2)  with  R,  noting  the  deflection  d^  and  shunt  Sk 
(if  any). 

(4)  Repeat  (2)  and  (3)  for  about  three  or  four  pairs  of  deflec- 
tions in  different  parts  of  the  scale,  with  R  and  r,  by  altering  S, 
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and  calculate  the   unknown   resistance  r  from    the  formula  (see 
below}.     Tabulate  as  follows  : — 

Galvanometer  resistance,  G,  —         ohms  at        °  C.  ;     form  of  unknown  resistance 


No.  of 
cells  used. 

Standard  known  resistance. 

Unknown  resistance. 

In  ohms, 
R. 

Deflection, 

<*R. 

Shunt,  SR. 

Deflection, 
dr. 

Shunt,  Sn. 

r  ohms. 

NOTE.— If  S  =  \  (say),  then 
S 


=  To>  or 


1=10 


Inferences. — Prove  the  formula  mentioned  in  (4),  and  state 
what  assumptions  are  made  in  deducing  it. 


26.  Measurement  of  Very  High  or  Insula- 
tion Resistance  (Loss  of  Charge  Method). 

Introduction. — The  following  is  a  simple  and  convenient 
method  of  measuring  very  high  resistances,  such  as  that  of  the 
insulating  covering  of  joints  and  samples  of  electric  light  cable, 
providing  the  condenser  used  has  a  sufficient  capacity  and  the 
resistance  to  be  measured  is  not  too  high.  In  this  particular  case 
a  galvanometer  is  used  to  measure  the  condenser  discharge. 

Apparatus. — Delicate  high-resistance  reflecting  ballistic 
galvanometer,  G  (p.  285)  ;  battery,  B,  capable  of  giving  a  sufficient 
E.M.F.  •  condenser,  C  (p.  354) ;  high  insulation  charge  and  dis- 
charge key,  K  (p.  328) ;  well-insulated  trough,  T,  of  water  contain- 
ing the  cable  to  be  tested  as  the  high  resistance. 

NOTE. — All  connections  and  apparatus  must  be  insulated  with 
great  care,  all  insulating  parts  being  quite  clean  and  free  from 
dust  or  grease.  Avoid  the  use  of  keys  when  possible  unless  they 
are  very  highly  insulated  ones.  If  the  cable  is  an  electric  light 
one,  B  should  give  at  least  the  working  pressiire  for  which  the 
cable  is  intended  to  be  used. 
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Observations. — (i)  Carefully  prepare  the  free  end  F  of  the 
cable  as  described  on  p.  46,  and  train  it  well  out  of  the  water  as 
shown.  Adjust  the  galvanometer  to  zero,  and  connect  up  as  in 
Fig.  23. 

(2)  With  a   disconnection  somewhere,   indicated  at  s  and   /, 
press  K  to  b  and  charge  C  fully  for  a 

few  seconds,  then  immediately  raise  to 
a  so  as  to  discharge  the  condenser 
through  G.  Note  the  first  throw  dl 
corresponding  to  a  quantity  Kx  cou- 
lombs. 

(3)  Recharge  £  fully  after  connect- 
ing at  s  and  /,  and  note  the  exact  time 
/\  on  gently  releasing  K  so  as  to  rest 
between    blocks   a  and   $,   the    upper 
contact    a    having     been     previously 
raised  to  allow  of  this. 


FIG.  23. 


(4)  Allow  the  condenser  to  thus  slowly  discharge  through  the 
high  resistance  R  to  be  tested  in  the  trough  T ;  then ,  after  a  few 
minutes,  close  K  to  a,  noting  the  throw  4  corresponding  to  K2 
coulombs  discharge  from  the  condenser. 

NOTE. — It  is  best  to  arrange  the  time  so  that  4  =  \d^  (about). 

(5)  Repeat  (2)-(4)   for  about  six  values  of  capacity  C,  and 
calculate  the  insulation  or  high  resistance  from  the  formula — 


p       o'4343 

Jx  = 


/  _  0-4343  •  t 


Clog  I5      Clog  |- 

JS-2  #2 

where  /  =  /2  —  A  in  seconds. 

Tabulate  your  results  as  follows  : — 


Test  made  after       minutes'  electrification  of  cable  ;     cable  soaked  for       hours  before  test. 

Deflections. 

Time. 

Time(/2-/i) 
in  seconds,  t- 

Capacity 
used,  C 
microfarads. 

Insulation 
resistance,  R 
megohms. 

/x. 

4. 

/!• 

to 

If  R  is  very  large  indeed,  d±  and  d.2  will  be  nearly  equal, 
unless  t  is  made  inconveniently  long.  This  may  be  obviated  by 
using  a  large  E.M.F.  and  discharging  through  G  (shunted)  to  get 
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d^  and  again  discharging  after  /sees,  through  G  (unshunted)  to  get 
4.  In  the  former  case,  its  sensibility  can  be  reduced  to  any 
extent,  whereas  in  the  latter  it  is  used  to  the  best  advantage. 
Since,  however,  the  effect  of  shunting  a  ballistic  galvanometer  is 
somewhat  indefinite,  this  method  will  not  be  accurate  unless  the 
correction  mentioned  on  p.  113  is  used,  or — 

True  ratio  =  —  X  true  multiplying  power  of  the  shunt  used. 


27.  Measurement  of  Very  High  or  Insula- 
tion Resistance  (Loss  of  Charge  Method). 

Introduction.  —  The  following  "  loss  of  potential "  method 
is  suitable  for  measuring  very  high  resistances,  such  as  is  frequently 
met  with  in  either  long  or  short  lengths  of  well-insulated  cables, 
and  consists  in  joining  the  two  terminals  of  a  charged  condenser 
by  the  very  high  resistance,  and  measuring  by  means  of  a  sensitive 
electrometer  the  "  time  rate  of  fall "  of  potential,  which  may  be 
more  or  less  rapid,  depending  on  the  magnitude  of  this  resistance 
and  the  capacity  of  the  condenser. 

Apparatus. — Sensitive  reflecting  quadrant  electrometer,  E, 
having  well-insulated  quarter  cylinders  and  other  portions ;  well- 
insulated  trough,  T,  containing  water  and  the  highly  insulated 
cable  to  be  tested ;  battery,  B,  with  two  flexible  wires,  which  will 
just  reach  to  the  well-insulated  condenser,  C  (p.  354). 

N.B.  —  Great  care  must  be  taken  that  all  connections  and 
apparatus  are  highly  insulated  and  free  from  dust,  etc.,  and 
when  possible  keys  should  be  avoided  for  this  reason,  unless  they 
are  very  good.  The  free  end  F  of  the  cable  should  be  carefully 
prepared  by  paring  off  about  i  inch  of  the  outer  covering  or  layer 
of  insulating  material,  then  drying  this  part  carefully  over  a  spirit 
or  naphtha  lamp,  and  when  quite  dry,  painting  it  over  repeatedly 
with  melted  paraffin  wax,  until  the  end  and  about  i|  inch  of  the 
cable  is  coated  with  about  f  inch  of  wax. 

Observations. — (i)  First  connect  up  C  (only)  to  E,  and 
adjust  the  spot  of  light  to  zero.  Now  touch  the  condenser 
terminals  with  the  battery  wires  a  and  b  for  a  few  seconds  only, 
and  when  the  deflected  spot  of  light  is  stationary  on  the  scale, 
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note  whether  the  deflection  falls  appreciably  on  removing  a  and 
b.  If  it  does  not,  the  quadrants  of  E  are  well  insulated  enough 
for  the  test. 

(2)  Connect  up  as  in  Fig.  24  now,  and  again  touch  C  with 
a  and  b  for  a  few  seconds,  and  immediately  the  spot  of  light  is 
stationary  remove  a  and  b>  noting  simultaneously  the  deflection 
dl  corresponding  to  a  potential  z'1}  and  also  the  time  A. 


FIG.  24. 

(3)  When  this  deflection  has  fallen  to  about  ^,  note  its  exact 
value  d*  corresponding  to  a  potential  v&  and  also  the  time  tv 

(4)  Calculate   the   high  or   insulation   resistance  R  from  the 
relation — 

Q'4343  •  *  =  Q'4343  •  * 

<~i        Vi  ~      ^,      ^i 
C  Iog10  - 


\)  


where  t  =  t»  —  /j  in  seconds. 

(5)  Repeat  (2)-(4)  for  about  six  different  values  of  capacity, 
and  tabulate  thus — 

Cable  tested  after       minutes'  electrification  ;        soaked  for       hours  in  water  before  test. 


Length  of 
cable  in 
water. 

Tempera- 
ture of 
water. 

Capacity, 
C  micro- 
farads. 

Deflections. 

Times. 

(*2-*l) 
in  sees., 
t. 

Insulation 
resistance,  R 
megohms. 

*• 

d* 

ft. 

fe 

Inferences. — Prove  the  relation  given  in  (4),  and  state  any 
assumptions  made  in  obtaining  it. 

NOTE. — If  the  insulation  resistance  Rc  of  the  condenser  is  so 
low  compared  with  the  resistance  R,  through  which  it  is  discharged 
as  to  add  materially  to  the  rate  of  discharge,  then  its  own 
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insulation  resistance  must  be  found  by  the  following  method,  and 
from  the  law  of  combination  of  resistance  in  parallel  we  shall 
have  — 


R      R,      R, 

.  .  _^  JK.C.K. 

whence  R,  =  R^  _  R 

where  Rx  =  true  insulation  resistance  of  the  cable  under  test,  and 
R  that  found  from  the  above  experiment. 


28.  Insulation  Resistance  of  Condensers 
(Loss  of  Charge  Method). 

Introduction.  —  The  preceding  method  with  the  electro- 
meter is  one  of  the  best  for  determining  the  insulation  resistance 
of  the  condenser  itself,  for  any  ballistic  method  is  likely  to  have  its 
results  vitiated  by  the  effects  of  residual  absorption,  etc. 

Apparatus,  —  Sensitive  reflecting  quadrant  electrometer  whose 
quadrants  are  very  highly  insulated  ;  battery  and  condenser  to  be 
tested. 

Observations.  —  (i)  Place  the  electrometer  across  the  ter- 
minals of  the  condenser,  and  then  bring  the  flexible  battery  leads 
to  the  latter  so  as  to  charge  it  for  a  few  seconds. 

(2)  When  the  deflection  is  quite  steady,  remove  the  battery 
leads,  and  take  suitable  time-readings  of  the  fall  of  the  deflection, 
until  this  reduces  to  about  half  its  original  value  vl  ;  call  the  final 
value  vz. 

Then  the  insulation  resistance  of  the  condenser  — 

R  =  --    megohms 


where  /  =  number  of  seconds  it  takes  for  the  deflection  to  fall 

from  #j  to  z/2) 
and  C  =  capacity  of  the  condenser  in  microfarads. 

(3)  Plot  a  curve  having  values  of  diminishing  deflections  as 
ordinates  and  times  of  noting  these  as  abscissae. 
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29.  Measurement  of  the  Insulation  Resist- 

ance  of  a  Leaky  Condenser 
(Loss  of  Charge  Method  employing  Shunts). 

Introduction.  —  The  following  galvanometer  method  of 
measuring  insulation  resistance  by  "  loss  of  potential "  is  suitable 
for  leaky  condensers  whose  capacity  is  not  accurately  known,  and 
consists  in  altering  the  sensitiveness  of  the  galvanometer  as  re- 
quired by  using  a  shunt,  S,  and  applying  the  corrections  for  it  as 
determined  in  this  method. 

Apparatus.— Battery ;  leaky  condenser,  C,  to  be  tested;  sensi- 
tive high-resistance  reflecting  galvanometer,  G  (p.  285) ;  shunt,  S  ; 
high-insulation  two-way  key,  K  ;  potentiometer  arrangement,  ACB, 
for  getting  two  P.D.'s,  z>x  and  v.2l  bearing  a  known  ratio  (viz.  ^  and 
r.2  respectively)  to  each  other  ;  a  well-insulated  condenser,  C1?  of 
known  capacity  (p.  354). 

Observations. — A.  (i)  Connect  up  as  in  Fig.  25,  with  C 
only  in  circuit  at  first,  and  adjust  the  galvanometer  to  zero. 

(2)  Fully  discharge  C,  and  with   the  galvanometer  shunted 
by  S,  close  K  to  a,  so  as  to  charge 

the   condenser  C  to  a  potential  vlt 
and  note  the  first  throw  Dx  on  G. 

(3)  Allow  C  to  stand  insulated  for 
/  sees.,  and  disconnect  S  by  releasing 
the  high-insulation  key  in  its  circuit. 

(4)  Close    K    to    a    again,   and 
note  the  first  throw  D2  on  the   un- 
shunted  galvanometer. 

(5)  Repeat  (2)-(4)  for   three  or 
four  different  values  of  S,  rls  and  r.2. 

The  value  of  C  and  the  increased  multiplying  of  the  shunt  S 
can  be  obtained  as  follows  : — 

B.  (i)  Insert  the  condenser  of  known  capacity,  Q  (microfarads) 
in  the  place  of  C,  and  adjust  the  galvanometer  to  zero  if  necessary. 

(2)  Close  K  to  a,  so  as  to  charge  Q  with  the  same  potential  z/j 
and  the  galvanometer  unshunted,  and  note  the  throw  d^  divisions 
on  the  galvanometer. 
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(3)  Discharge  Q   completely,   and   shunt  G  with   the   same 
shunt  as  was  used  in  Obs.  A  (2).    -Now  close  K  to  b,  so  as  to 
charge  d  with  an  increased  potential  v»y  and  note  the  first  throw 
d2  on  the  galvanometer. 

(4)  Tabulate  your  results  as  follows  : — 

Capacity  of  well-insulated  condenser,  Cj,  =       mfds.;  galvanometer  resistance,  g;  =       ohms. 


B. 

A. 

Multiplying  power 
of  shunt, 

Time 

Capacity  of 
leaky  condenser, 

Insulation 
resistance,  R 

<n). 

O?). 

*. 

4. 

Shunt, 
S. 

MJ=S±^+^- 

Di. 

D2. 

in 
sees., 

C  mfds. 
DI 

in  megohms, 
_        o'4343/< 

?;2  ^  "1 

t. 

S  '  d^         A 

C  logio  Ki/K» 

V\     </2 

NOTE.  —  If  Kj  =  number  of  coulombs  in  the  leaky  condenser  C  at 

first  charge, 

and  K2  =  number  of  coulombs  in  the  leaky  condenser  C  at 
end  of  t  sees., 


! 

and  hence  —  = 
K 


30.   Measurement    of    Low    Resistance    by 
the   Potential   Difference   Method. 

Introduction. — The  Wheatstone  bridge  is  inapplicable  for 
measuring  very  low  resistances,  and  even  if  such  were  just  within 
its  range,  the  measurement  would  not  be  accurate.  The  following 
method,  which  depends  directly  on  the  definition  of  resistance, 
can  be  used  to  accurately  measure  very  low  resistances,  such  as 
are  met  with  in  large  electric  light  cables  and  the  armatures  of 
dynamos  and  motors.  The  P.D.  at  the  terminals  of  each  resist- 
ance can  be  measured  relatively  by  a  sensitive  galvanometer, 
whose  resistance  is  large  compared  with  that  between  the  two 
points  to  which  it  is  applied.  Under  these  conditions  its  insertion 
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will  not  lower  the  P.D.  to  be  measured.  If  it  is  a  reflecting 
instrument  the  scale  deflections  will  be  proportional  to  the  P.D. 

Apparatus. — Known  standard  low  resistance,  R  (p.  312); 
low  resistance,  ;-,  to  be  tested  ;  Pohl's  commutator,  C  ;  secondary 
cell,  B  j  rheostat,  Rh  (p.  308)  ;  fairly  high  resistance  galvano- 
meter, G;  reversing  key,  K  (p.  329) ;  switch,  S. 

Observations. — (i)  Connect  up  as  indicated  in  Fig.  26,  and 
adjust  the  galvanometer  needle  to  about  zero. 

(2)  With  Rh  full  in,  close  S,  and  adjust  the  current  to  give 
about     quarter-scale     deflection 

with  the  largest  resistance  of  the 
two,  for  then  the  deflection  with 
the  other  is  bound  to  be  on  the 
scale;  then  note  the  galvano- 
meter deflection  on  each  side  of 
zero  by  turning  K,  when  G  is 
across  each  resistance  in  turn. 

N.B.  — The  resistance  Rh 
should  be  sufficiently  high  to  pre- 
vent the  current  strength  altering 
during  any  one  pair  of  observa- 
tions, and  to  prevent  this  current 
being  strong  enough  to  sensibly  warm  the  resistances.  The  more 
sensitive  the  galvanometer  the  smaller  this  will  be.  After  taking 
deflections  with  the  second  resistance,  it  is  advisable  to  retake 
those  with  the  first  in  case  the  current  has  altered.  If  they  are 
not  the  same,  take  the  mean  of  those  on  the  respective  sides  of 
zero.  For  very  accurate  work  a  reversing  key  should  be  used 
with  B  to  eliminate  any  thermo-current  effects. 

(3)  Repeat  (2)  for  half,  three-quarter,  and  full  scale  deflections, 
and  calculate  the  unknown  resistance  r  from  the  formula — 

R  -:-  r  =  dR  -f-  dr 
Tabulate  as  follows  : — 


FIG.  26. 


Low  resistance  tested 


;  standard  low  resistance  =         ohms. 


Deflection  across  R. 

Deflection  across  r. 

Ratio, 

^R 

dr 

Unknown, 

r  ohms  =  R-^- 
ctR 

Right. 

Left. 

Mean, 
**• 

Right. 

Left. 

Mean,  dr. 
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Inferences. — Prove  the  formula  given  in  (3),  and  state  any 
assumptions  made  in  deducing  it.  What  sources  of  error  is  the 
method  liable  to  ?  How  can  they  be  minimized  ? 


31.   Variation   of   Resistance  with   Length, 
Diameter,    and   Material. 

Introduction. — The  following  constitutes  an  important  and 
exceedingly  instructive  test,  the  results  of  which  should  be  known 
and  committed  to  memory  in  the  early  stages  of  experimental 
work.  The  coils  to  be  experimented  upon  (vide  p.  346)  are  con- 
tained in  a  box  fitted  with  three  rows  of  terminals,  to  which  they 
are  severally  attached.  The  first  row  consists  of  coils  of  wire  of 
the  same  material  (platinoid)  and  diameter  (0*013  inch),  but  of 
different  lengths,  viz.  5,  10,  20,  30,  40,  and  50  feet  respectively. 
The  second  row  consists  of  coils  of  wire  of  the  same  length 
(20  feet)  and  diameter  (0*012  inch),  but  of  different  materials,  viz. 
copper,  brass,  lead,  iron,  German  silver,  platinoid,  manganin, 
eureka.  The  third  row  consists  of  coils  of  wire  of  the  same  length 
(20  feet)  and  material  (platinoid),  but  of  different  diameters,  viz. 
0*003,  0*0096,  0*013,  °*OI555  0*0184,  0*024  inch  respectively. 

Observations. — (i)  Measure  the  resistance  of  each  of  the 
above  coils  by  means  of  some  convenient  method,  noting  the 
temperature  of  the  room  at  the  time.  Tabulate  your  results  in 
the  following  form  : — 


Material. 

Deflection 
(if  any). 

Resistance, 
R. 

Length, 

Diameter, 
d. 

i 

2 

Sectional 
area,  A. 

P  Per 
cub.  inch. 

p 
per  c.c. 

1 

(2)  From  the  results  of  the  experiments  with  wires  of  different 
lengths,  plot  a  curve  having  resistance  as  ordinates  and  lengths 
as  abscissae. 

(3)  From  those  on  wires  of  different  diameters,  plot  a  curve 

connecting  resistances  and  values  of  - ,  where  d  =  diameter   of 
that  wire. 
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Inferences.  —  Deduce  the  laws  connecting  (a)  resistance 
with  length  ;  (b)  resistance  with  diameter  from  the  results  of  the 
above  experiments.  Combine  these  laws  so  as  to  apply  to  wires 
of  the  same  material,  in  which  both  length  and  diameter  may 
vary  together.  From  results  of  the  experiments  on  wires  of 
different  materials,  calculate  the  "  specific  resistance  "  per  inch 
cube  and  per  centimetre  cube,  for  each  of  the  materials  used, 
from  the  formula  — 


where  R  =  measured  resistance  in  ohms, 
L  =  length  of  wire, 
p  =  specific  resistance  required, 
A  =  sectional  area  of  wire. 


32.   Laws  of  Combination  of   Resistances 
in   Parallel. 

Introduction. — The  law  or  equation  which  gives  the  combined 
or  effective  resistance  that  two  or  more  separate  resistances  in 
parallel  introduce  to  the  passage  of  an  electric  current  in  a  circuit 
is  a  very  important  one.  The  following  experiment  is  intended 
to  prove  the  same,  and  it  is  assumed  that  the  student  is  already 
familiar  with  the  use  of  the  "  metre  form  "  of  Wheatstone  bridge 
for  measuring  resistance. 

Apparatus. — Metre  bridge  ;  sensitive  galvanometer,  G  ; 
standard  adjustable  known  resistance,  R: ;  Leclanche  cell,  B ;  box 
containing  four  coils,  A,  B,  C,  and  D,  arranged  so  that  they  can 
be  connected  up  singly  or  in  all  possible  combinations  of  series 
and  parallels,  R2  (vide  p.  347). 

NOTE. — In  all  cases  measurements  will  be  most  accurate  when 
the  galvanometer  slider  key  is  in  or  near  the  centre  of  the  bridge, 
i.e.  when  R!  =  R2  approximately. 

Observations. — (i)  Connect  up  as  indicated,  and  adjust  the 
spot  of  light  to  zero  (about). 

(2)  Measure  the  resistance  of  each  of  the  four  coils  A,  B,  C, 
and  D  separately. 
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(3)  Measure  the  resistance  when  they  are  two,  three,  and  four 
in  series. 

(4)  Measure  the  resistance  of  all  possible  combinations  taken 
two  in  parallel. 

(5)  Measure  the  resistance  of  all  possible  combinations  taken 
three  in  parallel. 

(6)  Measure  the  resistance  when  the  four  coils  are  in  parallel, 
and  calculate  the  combined  resistance  as  given  by  the  bridge  from 

the  formula  R2  =  -  x  R1}  and  also  as  given  by  the  formula  to 

be  proved,  --  =  —  +  -  -f  etc.,  and  tabulate  as  follows  : — 
K..J      A       B 


Combinations 
of  coils. 

Position  of  slider. 

Known 
resistance,  RI. 

Unknown  resistance. 

A. 

'•z- 

Measured, 
R2-^XR! 

Calculated, 
RI2  =  i  +  B  +  etc- 

Inferences. — Prove  the  formula  given  in  the  last  column  of 
the  table. . 


33.   Comparison  of  Resistances 
(Magneto-Inductor  Method). 

Introduction. — This  method  is  based  on  a  special  application 
of  Ohm's  law,  and  depends  on  the  principle  that  when  a  coil  of  wire 
forming  part  of  a  closed  circuit  suddenly  cuts  the  lines  of  force 
due  to  a  magnetic  field,  an  E.M.F.  is  induced  in  the  coil  which 
sets  up  a  transient  current  in  the  circuit.  This  current  by  Ohm's 
law  will  be  inversely  proportional  to  the  total  circuit  resistance. 
It  will  thus  be  seen  that  the  magneto-inductor  constitutes  the 
battery  of  the  arrangement,  with,  however,  the  distinctive  difference 
that  its  E.M.F.  is  only  a  transient  one.  The  method  is  a  very 
simple  one,  and  has  the  advantage  that  the  induced  current  is 
of  too  short  a  duration  to  alter  the  resistance  of  the  circuit  by 
heating  it. 

Apparatus. — Magneto-inductor,  M  (p.  358)  ;  suitable  ballistic 
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galvanometer,  G  (p.  283);   a  three-way  key,  K;  and  the  resist- 
ances, R1}  Ro,  to  be  compared. 

Observations. — (i)  Connect  up  as   in  Fig.  27,  and  adjust 
the  galvanometer  to  zero. 

(2)  Close  Ki,and  with  the  galvanometer  perfectly  still  slip  the 
inductor  coil,  and  note  the  first  throw 

d  of  the  spot  of  light.     Do  this  two 
or  three  times  and  take  the  mean. 

(3)  Repeat  (2)  with   K2    closed, 
noting  the  mean  first  throw  d^ 

(4)  Repeat  (2)  with   K3   closed, 
noting  the  mean  first  throw  d.2. 

(5)  Calculate  the  unknown  resist- 


FIG.  27. 


ance,  if  one  of  them 
relation — 


is   known,  and   compare   them   from  the 


R2       d  —  dz  d, 

(6)  If  Rx  (say)  is  an  adjustable  known  resistance,  repeat  (3)- 
(5)  for  about  six  different  values  of  it,  and  tabulate  your  results 
as  follows : — 


Galvanometer  used         ;  resistance,  G,  =      ohms  ;  resistance  of  M  =         ohms. 

d. 

d,. 

d*. 

Rl- 

Rl 

R2 

R2. 

N.B. — If  the  throws  are  too  large  to  be  readable  with  Rx  and 
Ro  alone,  any  resistance  may  be  inserted  in  series  with  the  gal- 
vanometer to  reduce  them. 

Inferences. — Prove  the  relation  given  in  (5),  and  state  any 
assumptions  made  in  obtaining  it. 


34.    Determination   of  Specific   Resistance. 

Introduction. — The  specific  resistance  of  any  substance  is 
the  resistance  between  opposite  faces  of  either  an  inch  cube  or 
centimetre  cube  of  the  substance  offered  to  the  passage  of  a 
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current  which  is  assumed  to  flow  normally  to  those  faces.     It  is 
usually  denoted  by  the  Greek  letter  p. 

If  d  =  diameter  of  a  wire  of  circular  cross-section,  s  and  /  its 
length  — 

Then  its  resistance  R  =  -p  =  —  =  —  ~- 
A          ird"       ird" 

4 
RTT^ 

whence  p  =  -    — 
4/ 

If  R  is  in  ohms,  d  in  centimetres,  and  /  in  centimetres,  then  p 
will  be  the  specific  resistance  per  centimetre  cube  of  the  substance. 

Apparatus.  —  A  length  of  wire  to  be  experimented  upon,  pre- 
ferably not  less  than  2  metres  long  and  about  No.  22  B.W.G. 
gauge;  Wheatstone  bridge,  complete  with  galvanometer  and 
battery  for  measuring  the  resistance  of  the  sample  ;  finely  divided 
scale  for  measuring  the  length  and  micrometer  gauge  for  the 
diameter. 

N.B.  —  Errors  made  in  measuring  /  and  R  will  be  minimized 
when  both  these  quantities  are  fairly  large,  but  an  error  in  the 
diameter  is  the  most  serious,  and  the  most  likely  to  occur  from  its 
being  so  small  as  a  rule,  and  necessarily  so  if  R  is  large.  Any 
such  error  will  magnify  up  from  the  fact  that  it  is  d2  and  not  d 
which  is  used. 

For  great  accuracy  the  micrometer  gauge  method  of  getting  d 
may  not  be  sufficient,  and  recourse  may  then  be  had  to  its  calcula- 
tion from  the  mass,  length,  and  density  of  the  wire  by  weighing  in 
water. 

Thus,  if  w  =  its  true  weight  in  grammes,  and  o-  its  density  in 
grammes  per  cubic  centimetre,  the  sectional  area  in  square  cen- 
timetres — 

vol.       w      ird~ 

:T  "o^T 

Hence,  substituting  in  the  above  equation,  we  get  — 


1  We  may  obtain  a-  by  suspending  the  specimen  by  a  very  fine  wire  from 
one  arm  of  a  delicate  chemical  balance,  and  finding  its  weight  u\  grms.  in  air 

and  w/2  grms.  in  pure  water,  when  a  will  =    • 

"     — 
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Observations. — (i)  Carefully  measure  the  resistance  R  of 
the  specimen  by  the  bridge,  using  all  possible  combinations  of  the 
proportional  coils,  and  take  the  mean  of  these  determinations 
(vide  p.  39). 

(2)  Very  carefully  bare  the  wire  (if  insulated)  at  some  four  or 
five  places  where  it  is  perfectly  straight,  taking  great  care  not  to 
scratch  or  scrape  it,  and  then  measure  the  diameter  at  each  by  the 
gauge  and  take  the  mean. 

(3)  Very  carefully  measure  the  total  length  of  the  specimen 
two  or  three  times  and  take  the  mean,  and  note  the  temperature 
of  the  room. 

(4)  Calculate  the  specific  resistance  of  the  material  from  the 
above  relation,  and  record  all  your  observations  as  follows  : — 


Materials  tested 


;     temperature  of  room  =      °  C.  =  f  C. 


Measurements  of 

Proportional 
arms  of  bridge. 

Adjustable 
arm,  r^. 

Resistance, 

*-?•» 

R  cor- 
rected for 
temperature. 

Specific 
resistance, 

P  at  e  c. 

Length, 

Diameter, 
d. 

r±. 

rs- 

N.B. — The  relation  between  p  and  temperature  can  be 
obtained  by  immersing  the  specimen  in  paraffin  oil,  employing 
some  convenient  arrangement  similar  to  that  described  on  p.  350, 
and  taking  a  series  of  measurements  of  resistance  at  different 
temperatures.  These  should  be  plotted  in  the  form  of  a  curve, 
with  resistance  as  ordinates  and  temperature  as  abscissae. 


35.  Relation  between  Current  and  Amount 
of   Heat  generated. 

Introduction. — The  relation  mentioned  above  is  one  of  the 
utmost  importance  in  electrical  work,  and  is  embodied  in  the 
combination  of  two  of  the  most  important  fundamental  laws  in 
current  electricity.  The  object  of  the  following  experiment  is  to 
investigate  this  relation. 

Apparatus. — Electro-calorimeter,  E  (p.  350) ;  current  measurer, 
A  ;  variable  resistance,  Rh  (p.  308) ;  secondary  battery,  B  (p-338) ; 
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key,  K;    chronometer  if  available,  or   stop-watch  beating  half- 
seconds,  etc. 

Observations.— (i)  Connect  up  as  in    Fig.  28,  and  adjust 
the  pointer  of  A  to  zero  if  necessary. 

(2)  Fill  the  inner  copper  can  with  tap- water  so  that  the 
resistance  wire  is  completely  im- 
mersed, and  see  that  when  in  position 
this  can  is  in  the  centre  of  and  is 
separated  from  the  outer  tin  can  by 
the  felt  ring  under  its  rim. 

(3)  When  all  is  ready,  close  K 
and  quickly  adjust  Rh  to  give  a  con- 
venient current  (say  2  amps.),  which 
must  be  kept  constant,  and  immediately 
begin  to  note  the  temperature  of  the 
calorimeter  by  means  of  the  thermo- 
meter /  every  minute  (say  for  15 
minutes),  keeping  the  liquid  con- 
tinuously stirred  all  the  time,  so  as 
to  maintain  a  uniform  temperature  throughout  the  water;  then 
open  K. 

(4)  Now  begin  at  once  to  note  the  temperature  /  as  it  falls 
every  5  or  10  minutes,  from  the  moment  of  opening  K  down  to 
almost  the  original  starting  temperature. 

(5)  Repeat  (3)  and  (4)  for  two  other  current  strengths  (say 
3  and  4  amps.)  for  10  minutes,  and  tabulate  all  your  results  in  a 
convenient  manner. 

(6)  Plot  a  curve  for  each  set  of  ascending  and  descending 
values  of  temperature  for  each  current,  on  the  same  curve  sheet 
having  values  of  temperature  as  ordinates  and  time  as  abscissae. 

(7)  Correct  the  heating  curve  by  means  of  its  corresponding 
cooling  curve,  so  as  to  obtain  a  third  curve  for  each  current  used, 
indicating  what  the  rise  of  temperature  would  have  been  had  there 
been  no  loss  of  heat  by  radiation  and  convection,  etc.,  during  the 
heating  operation. 

(8)  Compare  the  "tangents"  of  the   angles  which   each   of 
these  third  curves  make  with  the  axis  of  time  with  the  respective 
current  strengths  used,  and  see  whether — 

Cf  :  Cas  :  Cj2  =  tan  a,  :  tan  ^  :  tan  a3 
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NOTE. — To  obtain  this  third  corrected  curve,  proceed  as 
follows  :  Divide  the  axis  of  time  into  minutes,  or  even  half- 
minute  intervals,  then  commencing  at  the  beginning  of  the  heating 
curve,  add  the  drop  of  temperature  during  the  given  interval  at  the 
lower  end  of  the  cooling  curve  to  the  ordinate  of  the  heating 
curve  at  the  end  of  that  same  interval.  Do  this  for  a  number  of 
intervals  throughout  the  range,  and  draw  a  mean  curve  through 
these  new  points,  which  should  be  a  straight  line. 

Inferences. — State  very  clearly  and  concisely  all  the  infer- 
ences you  can  draw  from  the  results  of  the  above  experiment,  and 
state  what  you  consider  to  be  the  relations  between  current  strength 
and  (a)  temperature,  (V)  amount  of  heat  generated  in  each  case. 


36.    Determination  of  the  Mechanical 
Equivalent  of   Heat  (Electrical   Method). 

Introduction.  —  The  above-mentioned  quantity,  commonly 
termed  "Joule's  equivalent"  can  be  obtained  approximately  by 
means  of  an  electro-calorimeter  ;  but  before  proceeding  with  the 
method  of  performing  the  test,  it  may  be  advisable  to  deduce  our 
expression  for  the  "  mechanical  equivalent,"  or  Joule's  equiva- 
lent, which  is  usually  denoted  by  the  letter  J.  If  a  current  A  flows 
for  a  time  /,  the  total  quantity  Q  of  electricity  transferred  in  that 
time  is  Q  =  A/;  and  if  this  is  caused  by  a  P.D.  =  V,  then 
the  work  done,  W,  by  the  current  in  this  time  is  —  * 

W  =  AV/  =  A2R/  =  VQ 

when  R  =  resistance  through  which  the  current  A  flows, 
and  V  =  AR  by  Ohm's  law. 

Now,  the  .amount  of  heat,  H,  produced  is  a  measure  of  this 
work  done  when  all  the  latter  is  converted  into  heat.  If,  then,  J 
units  of  work  are  equivalent  to  one  heat  unit,  the  work  required 
to  produce  H  units  of  heat  will  =  JH. 

Hence  JH  =  AV/  =  A2R/  =  W 


This  equation  assumes  that  all  the  heat  generated  in  the  coil 
of  the   calorimeter   whose   resistance  is  R  is  transferred  to  the 
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water,  and  is  operative  in  raising  its  temperature.  This  is  not 
strictly  true,  for  some  still  remains  in  the  wire,  some  is  conducted 
through  the  end  connections  of  the  coil,  and  some  is  lost  by 
radiation.  If,  however,  the  calorimeter  is  suitably  designed  and 
the  final  temperature  not  allowed  to  rise  more  than  a  few  degrees 
above  that  of  the  room,  the  errors  introduced  from  these  causes 
may  be  negligible  for  all  but  extremely  accurate  determinations, 
when  of  course  the  apparatus  will  require  to  be  of  a  more 
elaborate  form. 

The  amount  of  heat  H  is  determined  as  follows  :  — 
Let  W  =  weight  in  grams  of  water  'in  calorimeter, 

Wj  =  weight  in  grams  of  calorimeter   alone,  and    St    the 

specific  heat  of  its  material, 
W2  =  weight  in  grams  of  stirrer  alone,  and  S2  the  specific 

heat  of  its  material, 
/j0,  f°  =  initial  and  final  temperatures  of  the  water  in  degrees 

Centigrade, 

Then  the  total  amount  of  heat  generated,  H,  =  (W+W^ 
-|-W2S2)(/2  —  A),  assuming  no  loss  from  radiation,  conduction,  or 
convection,  and  if  A  and  R  are  in  C.G.S.  units  and  t  in  seconds, 
we  have  — 


=  _  -  d 

H         vW 


This  is  commonly  termed  "Joule's  law"  and  it  states  that 
the  amount  of  heat  required  to  raise  the  temperature  of  i  grm. 
of  water  from  o°  C.  to  i°  C.  (which  is  the  calorie)  is  the  same 
as  what  would  result  from  the  work  done  in  lifting  this  same 
weight  of  water  a  vertical  height  of  42,400  cms. 

But  to  lift  i  grm.  through  i  cm.  requires  the  expenditure 
of  981  ergs.  Hence  the  mechanical  equivalent  of  heat,  J, 
=  42,400  x  981  =  41,594,400  ergs  per  gram  degree  Centigrade. 

In  electrical  measure  the  joule  is  the  amount  of  work  done  or 
turned  into  heat  when  i  amp.  flows  through  i  ohm,  and  hence 
at  the  P.D.  of  i  volt  for  i  sec.,  or  J  =  a  volt-amp.  -sec. 
=  io8  x  lo"1  =  io7  ergs  or  C.G.S.  units.  Hence,  assuming  that 
J  =  42  X  io6  ergs  in  round  numbers  — 

i  joule  would  raise  —        -  -  =  --  =  0-238  grm.  of  water  i°  C. 
4-2  x  io7      4-2 
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Thus  H  =  o'238C2R/  =  number  of  heat  units  (calories) 
produced  by  C  amperes  flowing  through  R  ohms  for  /  sees. 

Apparatus. — Precisely  the  same  as  that  in  the  last  experi- 
ment, and  the  thermometer  should  be  capable  of  being  read  to 
at  least  ^°  C. 

Observations. — (i)  Connect  up  as  in  Fig.  28,  and  adjust 
the  pointer  of  A  to  zero  if  it  needs  it. 

(2)  Wash  the  copper  can  with  clean  water,  dry  it  thoroughly, 
and  when  quite  cool,  carefully  weigh  it  accurately  on  a  chemical 
balance. 

(3)  Nearly  fill  it  with  tap-water,  and  again  accurately  weigh  it 
so  as  to  obtain  the  total  weight  of  water. 

NOTE. — There  must  be  no  drops  of  water  hanging  to  the 
outside  or  rim. 

(4)  Place   it   in  position,  and   at   a  noted  instant  switch  on 
quickly,  adjusting  the  current  to  say  2  amps.,  and  immediately 
note  the  reading  on  the  thermometer. 

(5)  Keep  the  current  perfectly  constant  by  means  of  Rh,  stirring 
gently  and  continuously  all  the  time,  and  switch  off  when  the 
temperature  has  risen  to  such  a  value  that  it  is  as  much  above  the 
temperature  of  the  room  as  it  was  below  this  when  the  test  started. 
Note  the  temperature  and  time  of  switching  off. 

N.B. — This  will  practically  correct  for  radiation,  for  it  will 
receive  as  much  heat  from  the  room  in  the  first  part  'of  the 
experiment  as  it  gives  out  to  the  room  in  the  last  part. 

(6)  Repeat   (3)— (5)   for   two   other   currents    (say    3    and   4 
amps.),  and  tabulate  your  results  as  follows  : — 

Weight  of  copper  can,  Wj,  =      grms. ;  material      ;  specific  heat,  Si,  =  /resistance  of 

'  Wo  =  So  =  V  wire,  R,=     ohms. 


Time  of 

Temperatures. 

Weight  in 
grms.  of  can 
+  water  ,WSj 

Weight  of 
water,  W= 
WS-WL 

<5 

3 

CJ 

j! 

Start. 

Finish. 

Difference, 
t  sees. 

Initial, 
/l°C. 

Final, 
/2°C. 

Rise, 
Ca-tif-C. 

Inferences. — State  clearly  what  precautions  and  corrections 
you  would  apply  so  as  to  obtain  a  very  accurate  result. 
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37.    Relation    between   Resistance  and 
Temperature  for  Different  Metals. 

Introduction. — The  apparatus  consists  of  a  Post-office 
Wheatstone  bridge  with  its  battery  and  galvanometer  (in  this 
case  a  D'Arsonval)  together  with  the  coils  to  be  tested  (vide 
p.  350),  composed  of  five  different  important  metals  wound  on  a 
hollow  perforated  bobbin.  They  are  immersed  in  an  inner  vessel 
containing  oil,  and  fitted  with  a  thermometer  and  stirrer.  This 
vessel  is  immersed  in  an  outer  one  containing  water,  the  tempera- 
ture of  which  can  be  raised  by  a  bunsen  burner.  The  terminals 
of  the  various  coils  have  the  letters  A  to  E  between  them  as 
follows  :  A,  platinoid ;  B,  copper ;  C,  manganin ;  D,  German 
silver ;  E,  soft  iron.  It  is  assumed  that  the  manipulation  of  the 
Post-office  Wheatstone  bridge  is  already  well  known.  Uniformity 
in  the  temperature  of  the  oil  bath,  and  therefore  of  every  part  of  a 
coil,  can  only  be  ensured  by  continual  stirring,  and  it  is  absolutely 
essential  for  a  successful  experiment. 

Observations. — (i)  Adjust  the  spot  of  light  to  about  zero, 
and  before  applying  any  heat,  measure  the  resistance  of  the  coils 
selected  at  the  temperature  of  the  room,  noting  this  on  the  ther- 
mometer immersed. 

(2)  Slowly  raise  the  temperature  about  8°  C.,  keeping  the  oil 
well  stirred,  then  remove  the  flame  from  underneath,  and  continue 
to  stir  for  two  or  three  minutes,  so  as  to  make  the  oil  of  uniform 
temperature  throughout  and  that  of  the  coils  the  same  as  the  oil. 
Now  measure  the  respective  resistances  and  the  corresponding 
temperature  at  the  moment  of  balancing  each. 

(3)  Repeat  (2)  about  every  8°  C.  up  to  80°  C. 

(4)  Take  a  similar  set   of  observations  during  cooling,  and 
tabulate  as  follows  : — 


Material. 

Resistance,  R. 

Temperature,  T°. 

u. 

Heating. 

Cooling. 

Heating. 

Cooling. 

(5)  Draw  the  heating  and  cooling  curve  for  each  coil  tested, 
having  R  as  ordinates  and  T°  as  abscissae. 
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(6)  Select,  from  the  best  curve  for  each  coil,  two  pairs  of 
points  at  different  parts  corresponding  to  resistances  r^  ;-2  at 
temperatures  ^  and  />  respectively,  calculating  for  each  pair  of 
points  the  coefficient  a  of  variation  of  resistance  with  temperature 
per  degree  Centigrade  from  the  relation  — 


at. 


38.  Measurement  of  Resistance  and  Tem= 
perature  Coefficient  (Carey = Foster  Method). 

Introduction. — It  has  already  been  mentioned,  in  connection 
with  measurements  in  general  by  the  Wheatstone  bridge,  that  the 
best  and  most  sensitive  arrangement  for  a  given  galvanometer  is 
when  all  the  four  arms  are  equal,  or  nearly  so,  for  then  the  fall  of 
potential  down  each  arm  is  the  same  when  balance  is  obtained, 
and  any  small  deviation  from  this  balance  .will  cause  a  larger 
deflection  with  equal  arms  than  when  they  are  unequal.  Or, 
again,  if,  as  will  generally  be  the  case,  it  is  impossible  to  make 
the  arms  equal  to  obtain  balance,  then  to  obtain  the  most  sensitive 
arrangement,  either  the  galvanometer  or  battery,  which  ever  has 
the  higher  resistance,  should  be  connected  between  the  junctions 
of  the  two  high  and  the  two  lower  resistances  forming  the  arms. 

From  these  remarks  it  will  be  gathered  that  the  accuracy  of 
the  metre  bridge  will  be  greatest  when  the  resistances  being  com- 
pared in  the  two  gaps  are  nearly  equal,  and  therefore  when  the 
slider  galvanometer  key  is  at  or  near  the  middle  of  the  stretched 
wire.  It  will,  in  addition,  be  obvious  that  as  the  resistance  of 
single  metre-bridge  wires  is  usually  from  i  ohm  to  2  ohms  only, 
the  accuracy  of  the  measurements  becomes  less  as  the  resistances 
measured  become  greater.  In  other  words,  the  form  of  bridge 
shown  on  p.  316  is  only  suitable  for  the  measurement  of  low 
resistances  of  the  order  of,  say,  \  to  2  ohms.  Its  range  and 
sensibility  can,  however,  be  increased  by  having  more  than  one 
stretched  wire,  and  putting  them  in  series  with  each  other  and 
side  by  side,  which  arrangement  has  the  further  advantage  that 
a  given  error  in  reading  the  position  of  the  slider  at  a  certain  part 


64 


Practical  Electrical  Testing. 


of  the  scale  will  cause  a  smaller  error  in  the  result  as  the  leng 
of  the  wire  gets  greater.     This  will  be  at  once  evident  by  con 

sidering   the   relation  ;-,=    -.;-,  for   the   metre  bridge   (p.  37), 

r-& 

where  ;-:$  and  1\  are  the  lengths  or  resistances  of  these  either  side 
of  the  slider  key.  If,  now,  an  error  of  one  division  is  made  in 
reading  the  slider  key,  then— 


and  it  will  be  quite  evident  that  r*~  -  will  become  more  nearly 

;-8  —  i 

=  —  as  ;  3  and  r4  become  greater  ;  in  other  words,  the  error  will 

73 

become  less  and  less  as  the  length  of  the  bridge  wire  gets  greater. 


FIG.  29. 

The  metre  bridge  can,  however,  be  modified  slightly  in  construc- 
tion to  the  form  shown  on  p.  316,  by  giving  it  four  gaps  when  it 
can  be  made  available  for  comparing  higher  resistances.  Thus 
suppose  the  resistances  P  and  Q  to  be  compared  are  inserted  in 
the  end  gaps  and  are  of  about  the  same  value,  and  that  two  other 
resistances,  R  and  S,  approximately  equal  to  either  P  or  Q,  are 
placed  in  the  other  two  gaps.  Then,  manifestly  the  four  arms 
R,  S,  (P  +  AC),  and  (Q  -f  CB)  are  about  equal,  and  C  will  be  in 
the  middle  portion  of  AB.  Thus  we  have  the  conditions  for 
maximum  sensibility  and  accuracy,  but  at  the  same  time  the  range 
of  the  bridge  has  been  diminished.  Now,  considering  the  Carey- 
Foster  method  of  comparing  the  two  resistances  P  and  Q,  let 
r^  =  resistance  of  the  end  connection  on  the  bridge  between 
P  and  A,  and  r.2  that  between  Q  and  B ;  also  let  L  =  total  length 
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ifthe  wire  AB,  and  p  the  resistance  per  unit  length.  Then,  if 
oalance  is  obtained  at  C,  we  have  by  the  ordinary  law  of  the 
bridge  — 

R      P  +  1\  +  p(AC) 
S      Q~+  r,  +  p(CB) 

If  P  and  Q  are  interchanged  and  R,  S  kept  as  before,  then  — 


S  ~  R  +  r,  4-  p(BC') 

when  C'  is  the  new  point  of  balance. 

From  these  two  equations,  by  a  well-known  rule  in  proportion, 
we  have  — 

R  P  +  r,  +  p(AC) 

R  +  S~P  +  Q  +  /-!  +  /»  +  p(AB) 

R  Q  4-  rt  +  p(AC) 

1    R  +  S      p  +  Q  +  ri  +  rf+p(AB) 
hence  P  +  r,  +  p(AC)  =  Q  +  r,  +  p(AC') 
/.  P  -  Q  =  p(AC  -  AC) 

In  other  words,  the  difference  between  the  two  resistances  P  and  Q 
compared  is  equal  to  the  resistance  of  the  bridge  wire  between  the 
points  of  balance  C  and  C',  and  the  result  is  independent  of  the 
resistances  between  P  and  A  and  Q  and  B,  also  R,  S,  and  AB. 
It  is,  however,  necessary  to  know  p,  which  can  be  found  by  the 
method  given  on  p.  68  or  70,  or  as  follows  :  Substitute  for  Q  a  thick 
copper  connector  across  the  right-hand  gap,  then  Q  =  o  very 
nearly,  and  if  P  has  a  value  slightly  smaller  than  the  resistance  of 
AB,  then  by  the  above  method  of  interchange  — 


which  assumes  that  the  wire  AB  is  of  uniform  cross-sectional  area 
throughout.  If  this  is  not  true,  then  p  must  be  obtained  from  a 
calibration  curve  of  the  wire  by  the  former  method.  It  will  now 
be  seen  that  when  an  accurate  standard  resistance  Q  (p.  313)  is 
available  of  the  same  magnitude  as  the  unknown  P,  or  nearly  so, 
this  latter  is  given  by  the  relation  — 

P  =  Q  +  p(AC  -  AC)  ohms 
This  method  of  Carey-Foster's  constitutes  one  of  the  best  and 

F 
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most  accurate  for  ^  determining  the  "  temperature  coefficient"  of 
variation  of  resistance,  and  the  bridge  described  on  p.  317  is  one 
of  the  most  convenient  and  accurate  forms  for  carrying  out  the 
method,  and  for  interchanging  the  coils  P  and  Q.  In  the  follow- 
ing remarks  we  shall  assume  that  this  form  of  briHge  is  the  one 
used,  but  it  should  be  remembered  that  they  apply  in  general  to 
any  other  convenient  form  of  Foster  bridge.  Referring  to  Figs. 
170,  171  (p.  317),  the  two  ratio  coils,  i\t  r.2,  corresponding  to  R 
and  S  in  the  preceding  remarks,  remain  stationary  throughout  the 
tests,  and  for  very  accurate  work  should  be  placed  in  the  same 
water-bath,  and  maintained  at  a  uniform  temperature  by  means  of 
a  constant  stream  of  tap-  water.  The  coils  ;-3  and  r4  (Fig.  171) 
correspond  to  P  and  Q,  the  coils  to  be  compared,  and  should 
each  have  its  own  water-bath  and  thermometer.  One  of  these 
must  be  a  standard  known  resistance  (say  Q),  and  must  be  kept 
at  a  constant  temperature  by  a  stream  of  a  tap-water  passing  through 
its  bath  ;  the  other  must  be  capable  of  being  heated  to  70°  or  80°  C, 
preferably  by  steam.  Matters  must  be  so  arranged  that  1\,  ;-,,,  ra, 
and  r4  are  all  of  about  the  same  resistance,  and  that  of  the  bridge 
wire  ww  (Fig.  171)  to  suit.  If,  then,  Rj,  R.2  are  the  resistances  of 
the  coil  P  to  be  tested  at  temperatures  tf  and  /2°  C.,  we  first  find 
R!  -  Q  at  temperature  t°  C.  and  R,  -  Q  at  4°  C.  in  the  way 
indicated  above,  when  we  shall  have  the  increase  of  resistance 
(Rj  —  Q)  —  (Ro  —  Q)  =  R]  —  R2  corresponding  to  the  rise  in 
temperature  ^  —  4  and  if  R0  =  resistance  of  P  at  the  temperature 
o°  C.,  and  a  =  coefficient  of  increase  of  resistance  per  degree 
Centigrade,  then  — 

R,  =  R0(i  +  o/i) 
and  Ro  =  RO(I  +  o/2) 


~ 


Since  this  is  a  small  quantity,  R0  need  only  be  approximately 
known  without  introducing  appreciable  error  in  the  value  of  a  so 
obtained. 

Apparatus.  —  Foster  bridge  complete  with  ratio  coils  and 
standard  known  resistance;  battery;  sensitive  galvanometer; 
reversing  key  ;  coil  of  material  to  be  tested  suitably  mounted  in 
the  way  mentioned. 

Observations.—  (i)  Connect  the  battery  through  the  reversing 
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key  across  terminals  Bx  and  Ba  (Fig.  171),  and  the  galvano- 
meter across  GiG-2,  and  adjust  the  galvanometer  to  zero.  Turn 
the  water  on,  and  allow  it  to  flow  until  the  thermometers  are  quite 
steady. 

(2)  Balance  the  bridge  by  moving  K  until  no  deflection  occurs 
on  the  galvanometer.     Note  the  temperature  /j  of  the  coil  tested 
and  the  reading  Q  of  K. 

(3)  Now  reverse  the  battery,  and  again  quickly  balance,  noting 
the  new  position  C/  (if  altered). 

(4)  Turn  D  so  as  to  interchange  the  positions  of  rs  and  ; 4,'  and 
again  quickly  balance,  noting- the  new  position  C2. 

(5)  Reverse  the  battery,  and  again  balance,  noting  the  position 
C2'  (if  altered). 

N.B. — By  reversing  the  battery  in  this  way  any  thermo-electric 
current  effect  due  to  unequal  heating  of  the  contacts  of  two 
dissimilar  metals  can  be  allowed  for,  otherwise  an  error  might  be 
introduced. 

(6)  Carefully  warm  up  the  bath  containing  the  coil    tested 
about  12°  C.,  and  allow  it  to  fall  gradually  some  3°  or  4°  C.,  when 
the  coil  will  presumably  be  at  the  same  temperature  as  the  bath. 
Note  this  temperature  t.2,  and  very  rapidly  repeat  (s)-(5). 

N.B. — If  the  temperature  falls  appreciably,  take  the  mean  of 
the  initial  and  final  thermometer  readings  for  tabulation. 

(7)  Repeat  (2)-(6)  for  about   seven   or   eight  different  tem- 
peratures of  the  coil  to  be  tested  up  to  about  70°  or  80°  C.,  the 
standard  being  maintained  all  the  time  at  constant  temperature, 
and  tabulate  as  follows  : — 


Coiltested:  material  ;  resistance,  RO,  =     ohms  at  o°  C. ;  stand,  resistance  =:     ohms  at   °C. 
Ratio  coils  used  :  resis.  =     ohms  ;  bridge  wire  used         ;  p  of  bridge  wire  —      ohms  per  div. 


Reading  of  the  bridge. 

Temperature  of  coil 
tested. 

(r\-  »*4)= 

Temp, 
coeff., 
a. 

Ci. 

Current 
reversed, 

Coils  interchanged. 

t\- 

If 
altered, 

Mean, 

Mean, 

!  p 

Current 
reversed, 

cy. 

Mean, 

c> 

! 

(8)  Plot  a  curve  having  values  of  temperature  t  as  abscissae, 
corresponding  resistances  of  the  coil  tested  as  ordinates. 
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Inferences.— State  in  words  what  a  really  is,  and  also  any 
inferences  that  can  be  drawn  from  the  test.  For  extreme  accuracy 
are  any  other  precautions  necessary  ?  and  if  so,  state  them. 


39.  Calibration  of  a  Metre=bridge  Wire 
(Carey = Foster's  Method). 

Introduction. — The  following  method  is  a  very  simple  and 
convenient  one  for  determining  the  resistance  p  of  unit  length  of 
the  stretched  wire  in  different  parts  of  the  metre  bridge,  and 
hence  the  uniformity  of  this  wire,  which  is  the  one  condition  to 
be  fulfilled  if  the  bridge  is  to  measure  resistances  accurately.  It 
will  therefore  be  seen  that  the  present  test  is  a  very  important 
one.  It  can  most  conveniently  be  applied  when  a  second  metre 

bridge,  ab,  is  available,  when  both 
bridges  will  be  calibrated  simul- 
taneously. Fig.  30  shows  the 
arrangement  of  apparatus  where 
AB  is  really  the  bridge  wire  to 
be  calibrated ;  G,  a  sensitive  gal- 
vanometer ;  B,  a  battery ;  <r,  a 
thick  copper  bar  of  as  small  a 
resistance  as  possible,  capable 
of  closing  either  the  gap  P  or  Q  ; 
a  piece  of  wire,  W,  soldered  to  two  plates,  which  can  be  easily 
clamped  in  either  pair  of  gap  terminals.  Its  resistance  may 
preferably  be  about  one-fifteenth  that  of  the  wire  AB.  D  and  d 
are  the  two  slider  keys  of  the  bridges. 

If  a  second  bridge  is  not  available,  two  resistance  boxes  joined 
in  series  may  be  used  for  ad  and  db  respectively. 

Observations. — (i)  Place  D  at  o  and  c  and  W  in  the  gaps 
P  and  Q  (Fig.  30) ;  now  move  d  so  as  to  get  no  deflection  on  G, 
when  both  d  and  D  are  closed.  Note  these  two  positions. 

(2)  Interchange  c  and  W ;  then,  keeping  d  fixed  and  closed, 
move  D  until  balance  is  again  obtained  on  pressing  it.     Note 
these  new  positions. 

(3)  Interchange  c  and  W  back  to  their  first  positions ;  then, 
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with  D  now  fixed  and  closed,  move  ^/to  a  new  position  of  balance, 
and  again  note  the  positions. 

(4)  Repeat  (2)  and  (3)  until  D  gets  to  the  other  end,  B,  of  the 
bridge  wire. 

NOTE. — AB  and  ab  will  now  both  have  been  divided  into 
short  lengths  of  equal  resistance. 

Tabulate  all  your  results  as  follows  : — 


Resistance  of  bridge  wire,  AB,  =  R  =    ohms. 

Resistance  of  bridge  wire,  ab,  =  r=.    ohms. 

Reading  of 
bridge  AB. 

Successive 
differences. 

p  per  division 
=  £  +  *** 

Reading  of 
bridge  ab. 

Successive 
differences. 

p  per  division 
=—•5-*',  etc. 

0 

o 

a 
b 

• 

c 

• 

100 

(5)  Draw  a  curve  showing  the  uniformity  of  AB  having 
distances  along  the  bridge  wire  as  abscissae  and  p  as  ordinates. 

N.B.—  Evidently  R  =  (a  +  b  +  c  +  .  ..)/>;  and  if  N  =  the 
number  of  steps  by  which  D  has  travelled  from  A  to  B,  we  see 
that— 

R 

pa  =  pb  =  pc  ==...=  — 

Hence,  between  o  on  the  scale  and  the  first  position  of  D  — 

R 

P=N+" 
and  between  the  first  and  second  position  of  D  — 


and  so  on. 

Since  the  total  resistance  in  circuit  with  the  bridge  wire  AB  is 
constant  in  magnitude,  we  see  that— 

pa  =  pb  =  pc  =   .  .  .  W  -  C 

where  W  and  C  are  the  resistances  of  the  wire  and  connector 
respectively. 

If  any  thermo-electric  current  effects  manifest  themselves,  the 
battery  should  be  connected  up  through  a  reversing  key  (p.  329), 
and  the  mean  of  the  two  positions  of  balance  taken  for  each  key 
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which   moves   to   points    of  balance,    while    the    other    remains 
stationary. 

Inferences. — State  whether  you  consider  the  method  as  it 
stands  above  possesses  any  disadvantages,  and  if  so,  show  clearly 
how  they  could  be  minimized. 


40.   Calibration   of  a   Metre=bridge   Wire 
(Gray's  Method). 

Introduction. — The  following  is  a  modification  of  the  Foster 
method,  and  is  due  to  Mr.  Thomas  Gray.  It  has  the  great 
advantage  that  the  contacts  of  importance  are  permanent,  and 
only  those  of  the  battery  B  and  sliding  keys,  which  do  not  intro- 
duce any  errors,  are  movable.  The  two  bridge  wires,  AB  and  ab, 
are  joined  at  their  ends  by  two  equal  small  resistances,  r,  r,  which 
should  be  equal  to  about  one-fifteenth  of  the  resistance  of  AB. 
This  latter  will  therefore  be  divided  into  about  fifteen  equal  steps, 
the  resistance  of  each  of  which  will  equal  r. 

Apparatus. — Metre  bridge,  whose  wire,  AB,  has  to  be  cali- 
brated ;  a  second  metre-bridge  wire,  ab ;  galvanometer,  G ;  two 

equal  low  resistances,  r,  r  •  Pohl's 
commutator,  P  (p.  330)  ;  battery, 
B. 

Observations.  —  (i)    Con- 
nect up  as  in  Fig.  31,  and  adjust 
the  galvanometer  to  zero  (about). 
(2)  Test  whether  the  resist- 
ances r,  r  are  equal  by  joining 
the  battery  across  A  and  B,  and 
FlG-  31-  finding  any  two  points,  dfand  D, 

that  G  does  not  deflect.  Now  place  the  battery  across  a  and  /;,  so 
and  if  r  =  r,  no  deflection  will  occur.  This  condition  must  be 
obtained. 

(3)  With  the  connections  as  in  Fig.  31,  turn  P  so  as  to  put  the 
battery  across  A  and  £,  place  D  at  o,  and  move  d  to  such  a 
position  that  when  keys  D  and  d  are  closed,  no  deflection  occurs 
on  G.  Note  the  positions  of  the  two  keys. 


Practical  Electrical  Testing.  71 

(4)  Turn  P  so  as  to  put  the  battery  across  a  and  B ;  then,  with 
d  fixed,  move  D  to   a  point   of    balance,  and   again  note   the 
positions. 

(5)  Turn  P  back  again  to  A  and  ^  and,  with  D  fixed,  move  d 
to  a  point  of  balance,  and  note  the  positions  of  d  and  D. 

(6)  Repeat  (s)-(5)  until  D  gets  to  the  other  end,  B,  of  the 
wire  AB. 

NOTE. — AB  and  ab  will  now  both  have  been  divided  into 
short  lengths  of  equal  resistance,  all  of  which  has  a  resistance 
=  r.  Tabulate,  calculate,  and  plot  the  results  exactly  as  indicated 
in  the  Carey- Foster  method. 

If  any  thermo-electric  current  effects  manifest  themselves,  the 
battery  should  be  connected  to  the  Pohl's  commutator  through  a 
reversing  key  (p.  329),  and  the  mean  of  the  two  positions  of 
balance  taken  for  each  key,  which  moves  to  points  of  balance,  while 
the  other  remains  stationary. 


41.   Measurement  of  Galvanometer  Re= 
sistance  (Half=deflection  Method). 

Introduction. — This  method  of  obtaining  the  resistance  of 
a  galvanometer,  although  inferior  to  that  of  measuring  it  directly 
by  a  complete  Wheatstone  bridge  (W.B.)  set  (the  best  way),  can 
be  used  when  a  second  galvanometer  is  not  available  for  use  with 
the  W.B.  It  is  not  suitable  for  low-resistance  galvanometers,  as 
the  battery  resistance  miust  be  negligibly  small  compared  with  that 
of  the  galvanometer.  It  has  the  disadvantage  that  the  relation 
between  deflections,  and  currents  producing  them,  must  be  known, 
as  these  currents  must  be  comparable.  The  best  result  will  be 
obtained  when  the  first  resistance  used,  i.e.  the  smaller  of  the  two, 
is  some  fraction  of  the  galvanometer  resistance.  With  a  tangent 
galvanometer  the  tangents  of  the  deflections  must  be  used,  and 
the  best  result  will  be  obtained  when  the  deflections  =  55° 
and  35-5°. 

Apparatus. — Suitable  galvanometer,  G;  key,  K;  Daniell's 
cell,  B  ;  resistance  box,  R. 

Observations.—  (i)  Connect  up  as  indicated  in  Fig.  32  (vide 
note  at  end),  and  adjust  the  galvanometer  to  zero. 
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(2)  Close  K,  and  adjust  R  to  get  about  a  quarter-scale  deflec- 
tion di.  Note  this  value  of 
dl  and  Rx. 

(3)  Increase  the  resist- 
ance to  such  a  value  R2 
as  will  give  a  deflection 
d*  =  i^i.  Note  the  values 
of  R2  and  </2. 

N.B. — If  a  tangent  gal- 
vanometer   is    used,    then 
FlG-  32.  tan  </2  =  i  tan  4. 

(4)  Repeat  (2)  and  (3)  for  about  eight  pairs  of  deflections, 
taken  over  the  whole  scale,  and  calculate  the  galvanometer 
resistance  from  the  formula — 

Tabulate  as  follows  : — 


11. 


Galvanometer 
tested. 

Deflections. 

Currents. 

Resistances. 

G. 

Mean,  G. 

rf,. 

d* 

DI. 

D2. 

Ri- 

R2- 

NOTE. — With  sensitive  mirror  galvanometers,  it  will  be  found 
best  to  use  only  a  small  fraction  of  the  cell's  E.M.F.,  as  indicated 
in  Fig.  32,  II.  This  has  the  advantage  that  the  battery  internal 
resistance,  which  corresponds  to  that  of  BC,  can  be  made  very  small 
compared  with  G,  and  also  R  of  the  same  order  as  G.  Another 
method  of  obtaining  only  a  small  E.M.F.  is  by  the  thermo- 
electric couple  described  on  p.  339,  which  may  replace  the 
Darnell's  cell  direct  in  L,  thus  obviating  the  use  of  the  arrange- 
ment in  II. 

Inferences. — Prove  the  formula  given  in  (4),  and  state  any 
assumptions  made  in  obtaining  it. 


42.    Measurement  of  Galvanometer   Re= 
sistance  (Equal =def  lection   Method). 

Introduction. — This  method  of  obtaining  the  resistance  of 
a  galvanometer,  although  inferior  to  that  of  measuring  it  directly 
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by  a  complete  Wheatstone  bridge  (W.B.)  set  (the  best  way),  can 
be  used  when  a  second  galvanometer  is  not  available  for  use  with 
the  W.B.  It  is  not  suitable  for  low-resistance  galvanometers,  as 
the  battery  resistance  must  be  negligibly  small  compared  with  that 
of  the  galvanometer ;  but  it  has  the  advantage  of  being  applicable 
to  any  type  of  galvanometer,  since  we  have  only  to  reproduce 
a  given  deflection,  irrespective  of  whether  the  deflections  are  pro- 
portional to  the  currents  producing  them.  For  maximum  accuracy 
in  the  galvanometer  resistance  obtained  by  this  method,  the  resist- 
ance of  the  shunt  should  be  as  nearly  as  possible  equal  to  that  of 
the  galvanometer. 

Apparatus. — Galvanometer,  G;    resistance  box,  S,  for  use 
as  a  shunt  to  G ;  battery,  B,  of  low  internal 
resistance ;  keys,  K1}  K2 ;  high-resistance 
box,  R. 

Observations. — (i)  Connect  up  as 
indicated  in  Fig.  33,  and  adjust  the 
galvanometer  needle  to  zero. 

(2)  Adjust   S   to   a   suitable    value, 
close   K!  and  then  K2,  adjusting  R  so 
as  to  get  about  a  quarter-scale  deflection 

d.     Note  this  (for  reference  only),  and  the  values  of  S  and  Rx. 

(3)  Open  Kj,  and,  with  K2  closed,  increase  R  so  as  to  repro- 
duce the  deflection  d.     Note  the  value  of  R2,  and  calculate  the 
galvanometer  resistance  from  the  formula — 

Ro— R! 

~^T 

(4)  Repeat  (2)  and  (3)  for  about  four  different  values  of  S 
with  about  the  same  deflection,  by  altering  R. 

(5)  Repeat  (z)-(4)   for  about  half  and   three-quarter  scale 
deflections,  and  tabulate  as  follows  : — 


Galvanometer 
tested. 

Deflection, 
d. 

Shunt,  S. 

Resistance. 

G. 

Mean,  G. 

Shunted, 
Rj. 

Unshunted, 

R«. 

NOTE. — The  infinity  plug  (if  there  is  one  in  S)  may  be  used 
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Inferences. — Prove  the  formula  given  in  (3),  and  state  what 
assumptions  are  made  in  obtaining  it. 


43.    Measurement  of  Galvanometer   Re= 
sistance  (Thompson's  Method). 

Introduction. — The  following  method  is  a  convenient  one 
for  determining  the  resistance  of  a  galvanometer,  when  a  second 
one  is  not  available  for  use,  with  a  Wheatstone  bridge,  which 
would  otherwise  be  the  best  way  to  find  its  resistance. 

The  galvanometer  is  replaced  by  a  key  in  its  usual  position, 
and  the  instrument  itself  is  placed  in  one  of  the  arms  of  a  Wheat- 
stone  bridge.  Then,  manifestly,  when  the  arms  of  the  bridge 
satisfy  the  usual  relation  between  them,  the  potential  of  the  two 
points  between  which  it  is  ordinarily  connected  will  not  be  dis- 
turbed, nor  the  balance  of  the  bridge,  by  joining  the  points  through 
a  key. 

Apparatus. — P.O.  Wheatstone  bridge;  cell,  B,  of  fairly 
constant  E.M.F. ;  galvanometer,  G,  to  be  tested. 

Observations. — (i)    Connect    up    as    in    Fig.    34,    where 

diagram  I.  represents  the  arrange- 
ment symbolically,  and  II.  the 
actual  one  in  the  test. 

(2)  Make    i\   small    and  rt 
large,  and  close  Kj  after  unplug- 
ging something  in  r.A.    Permanent 
currents  will  now  flow  through 
FlG>  34>  the   four   arms    of    the    bridge, 

causing  G  to  deflect  (probably  off  the  scale).  Now  adjust  the 
position  of  the  controlling  magnet,  and  turn  it  so  as  to  bring 
the  spot  of  light  or  needle  back  to  zero  (about),  which  is  the 
most  sensitive  position. 

(3)  Adjust  /•;,  so   that  on   making  and   breaking  at   K2,  with 
Kj  still  closed  and  the  galvanometer  about  zero,  no  motion  of 
the  galvanometer   is  observed;    then    note  the  values  of  rlt  r2, 
and  rs. 

(4)  Repeat  (2)  and  (3)  for  different  values  of  rlt  r.2,  if  possible, 
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and  by  adding  a  known  resistance  in  series  with  G,  which  can  be 
afterwards  subtracted  from  the  result. 

(5)    Calculate     the    galvanometer    resistance    g    from     the 
relation — 

g  =   1.  /-,  ohms 
and  tabulate  your  results  as  follows  : — 


Galvanometer  tested, 


No. 


;  temperature  of  room  == 


C. 


Known  added 
resistance  to 
galvanometer,  R. 

Resistances. 

Resistance 
measured, 
K  =  G  +  R. 

Corrected 
galvanometer 
resistance,  G. 

Mean,  G 
ohms. 

n- 

r-2. 

**. 

Inferences. — Prove  the  relation  given  in  (5),  and  state  any 
assumptions  made  in  obtaining  it. 


44.  Measurement  of  the  Resistance  of  Re= 

fleeting  Galvanometers 
(Logarithmic=decrement  Method). 

Introduction.  —  This  method,  though  of  course  not  as 
accurate  as  that  of  measuring  the  resistance  of  the  galvanometer 
directly  by  means  of  a  complete  Wheatstone  bridge,  is  an 
excellent  one  in  other  respects,  enabling  a  very  clear  conception 
to  be  formed  as  to  the  way  in  which  the  damping  in  a  ballistic 
galvanometer  is  affected  by  different  conditions  of  use.  When 
there  is  damping  in  a  galvanometer,  the  amplitudes  of  successive 
oscillations  of  the  needle  will  gradually  grow  less  and  less  (vide 
p.  134),  and  the  rctfio  of  the  amplitude  of  any  one  oscillation  to 
that  of  the  succeeding  one  is  called  the  "  decrement''  This  ratio 
is  the  same  for  any  two  successive  oscillations.  The  Napierian 
logarithmic  decrement  A.  is  the  logarithm  of  this  ratio  to  the 
Napierian  base  c,  or  — 


A  = 


loffio  ratio      loffin  ratio 
log£  ratio  =  -  -  =  - 

Iog10  e  0-4343 
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TABLE  III. 


As  an  example,  suppose,  on  causing  the 
needle  of  a  galvanometer  to  oscillate  to  and  fro 
past  zero,  we  get  the  successive  deflections  each 
side  of  zero  as  indicated, 


Then  X  =  loge  ratio  =  log€ 


130 


120 


120 


fff  = 


105 

=  loge  I '  1 1 4 


0*4343 

If,  however,  the  damping  is  very  small,  the 
ratio   may  be  almost  i,  and  therefore  difficult   to  obtain  at  all 
accurately.     In  such  a  case  we  may  proceed  thus  — 
Let  A  =  amplitude  of  any  one  oscillation, 
and  AM  =  amplitude  of  the  ;/th  oscillation  after  it. 


Then  the  "  decrement  "  =  {  — 


and  hence  we  have — 


\  =  log,  {  — 


logioT 


Taking  the  above  case,  therefore,  we  get — 

X  =  -!_  fkgio  W  )  -I-  ?^447  =  0-112 
6  -  i  V    0-4343  /       5    0-4343 

Though  this  is  different  from  the  other  result,  it  is  probably 
more  accurate. 

The  present  test  consists  in  determining  the  damping  under 
three  different  conditions,  and  calculating  the  galvanometer 
resistance  therefrom. 

Apparatus. — Suitable  reflecting  galvanometer  (p.  285) ;  box 
of  known  resistances. 

Observations, — (i)  Place  the  controlling  magnet  in  the  posi- 
tion of  maximum  control,  i.e.  as  close  to  the  needle  as  possible, 
and  adjust  the  spot  of  light  to  zero  on  the  scale  by  means  of  it. 

(2)  With  the  galvanometer  terminals  "  free,"  i.e.  not  connected 
to  anything  externally,  deflect  the  needle  by  means  of  the  damp- 
ing coil  (p.  349),  and  note  the  amplitudes  of  succeeding  oscillations 
of  the  spot  of  light  each  side  of  zero.  Call  them  positive  when  to 
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the  right  of  zero,  and  negative  when  to  the  left,  or  vice  versa. 
From  them  calculate  the  log  dec.  X15  which  will  therefore  give  a 
measure  of  the  damping  due  to  the  air  friction  and  torsional 
resistance  of  the  suspension. 

(3)  Short-circuit  the  terminals  and  repeat  (2),  calculating  the 
log  dec.  \.2  from  these  results.     This  will  give  a  measure  of  the 
damping  due  to  the  two  last-named  causes,  and  in  addition  that 
due  to  the  induced  currents  in  the  galvanometer  coils. 

(4)  Connect  the  terminals  through  a  suitable  known  resistance 
R  and  repeat  (2),  calculating  the  log  dec.  X3  from  the  results. 

(5)  Repeat  (i)-(4)  for  three  widely  different  values  of  R. 

(6)  Repeat  (i)-(s)  with  the  controlling  magnet  halfway  along, 
and  also  at  the  extreme  end  of  its  guide  or  supporting-rod. 

(7)  Calculate     the    galvanometer     resistance    g    from     the 
relation  — 


and  tabulate  as  follows  :  — 


Galvanometer  used, 


No. 


;  temperature  of  room 


C- 


Position 
of  con- 
trolling 
magnet. 

Terminals. 

R. 

^  Galvanometer 
resistance,  g  ohms. 

Disconnected. 

Short  circuited. 

Connected  by  R. 

Amplitude  to 

\1. 

Amplitude  to 

\2- 

Amplitude  to 

A3- 

Right, 
+  rf. 

Left, 
-  d. 

Right, 
+  d. 

Left, 
-d. 

Right, 
+  d. 

Left, 

Inferences. — Show  how  the  relation  given   in   (7)   can   be 
obtained,  and  state  any  assumptions  made  in  obtaining  it. 


45.  Measurement  of  the  Internal  Resistance 
of  a  Battery  (Fall  of  Potential   Method). 

Introduction. — When  any  current  generator  of  total  E.M.F. 
E,  and  internal  resistance  B  ohms,  such  as  a  primary  cell,  is  con- 
nected to  a  galvanometer,  the  coil  of  which  has  a  very  high 
resistance,  g,  compared  with  B,  the  current  C  which  it  will  send, 
by  Ohm's  law,  is  C  =  E  -±  (B  +  g),  and  this  will  be  therefore  very 
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small ;  consequently  the  internal  polarization,  and  therefore  the 
fall  of  potential  in  the  cell  itself,  will  practically  be  ;///.  The 
galvanometer  deflection  will,  however,  form  a  measure  of  the  E.M.F. 
E  of  the  cell.  Suppose,  in  addition,  the  cell  is  now  made  to  send 
a  current  through  a  small  resistance,  R  ohms,  comparable  with  its 
own  B,  and  which  is  placed  as  a  shunt  to  its  terminals.  It  will 
send  a  large  current  and  polarize  rapidly,  producing  a  large  fall 
of  potential  in  itself.  The  diminished  galvanometer  deflection 
will  now  form  a  measure  of  the  "  terminal  potential  difference  " 
V  available  for  sending  the  current  through  R. 

NOTE. — A  current  generator  is  said  to  be  on  "  open  circuit " 
when  it  is  sending  either  no  current  or  a  very  small  one.  An 
electrometer  could  be  used  to  measure  E  and  V.  If  either  a 
mirror  or  tangent  galvanometer  is  used,  then  the  deflection  simply, 
or  the  tangent  of  it  respectively,  will  give  E  and  V. 

Apparatus. — High-resistance  galvanometer,  G  (p.  267) ;  cells 
to  be  tested,  B ;  resistance  box,  R ;  reversing 
key,  Kj  (p.  329),  and  ordinary  key,  K2. 

Observations. — (i)  Connect  up  as  in- 
dicated in  Fig.  35,  using  a  Leclanche  cell, 
and  adjust  the  pointer  of  G  to  zero. 

(2)  With  K.J  open,  take  deflections  each 
side  of  zero  by  turning  K1?  and  note  the 
mean  d^ 

(3)  Close   Ko,  and   adjust   R  (probably 
from  10  to  20  ohms),  to  give  a  sufficiently 
reduced  deflection.     Note   the  mean   (L  of 
the  two  sides  as  in  (2),  and  the  value  of  R. 

(4)  Open  K2,  and  repeat  (2)  and  (3)  for 
about  six  decreasing  values  of  R. 

(5)  Repeat  (2)-(4)  with  Daniell  and  bichromate  cells,  and 
tabulate  as  follows  : — 


FIG.  35. 


Cell  used. 

Mean  deflection. 

R. 

Battery 

resistance, 
E  -  V   „ 

Mean,  B 
ohms. 

</l  or  E. 

aT2  or  V. 

B-   —  -R 

Inferences. — Prove  the  formula  given  in  the  table.     On  what 
does  internal  resistance  of  cells  depend  ? 


Practical  Electrical  Testing. 


79 


46.    Internal   Resistance  of  a  Battery 
(Half=deflection   Method). 

Introduction. — The  method  is  practically  only  available  for 
testing  the  internal  resistance  of  batteries  having  a  fairly  constant 
E.M.F.  and  considerable  internal  resistance,  and  it  is  merely  a 
special  application  of  Ohm's  law.  It  is  best  to  use  a  low- 
resistance  galvanometer,  which  is  very  sensitive,  and  to  shunt  it 
so  as  to  still  further  reduce  the  effective  resistance  between  its 
terminals  and  also  its  sensitiveness. 

Apparatus.  —  Sensitive  low-resistance  galvanometer,  G  ; 
adjustable  known  resistance,  R  ;  key,  K  ;  and  cells,  B,  to  be  tested. 
An  adjustable  known  low  resistance,  S,  to 
shunt  G  with  if  necessary. 

Observations. — (i)  Connect  up  as 
in  Fig.  36,  and  adjust  the  galvanometer 
needle  to  zero. 

(2)  Adjust  R  so  that  on   pressing  K 
a  convenient  steady  deflection,  dlt  is  ob- 
tained up  to  the  end  of  the  scale.     Note  the  values  of  R1?  */„ 
and  »S  (if  used). 

(3)  Increase  R  to  such  a  value,  R2,  that  the  new  deflection 
4  =  44. 

(4)  Repeat  (2)  and  (3)  for  different  pairs  of  deflections  extend- 
ing all  down  the  scale: 

(5)  Repeat  (2)-(4)  for  two  other  cells. 

(6)  Calculate   the   internal  resistance  of  each  cell  from  the 
relation— 

B  =  Ro  —  2Rj  —  G  when  the  galvanometer  is  unshunted, 

SG 

B  =  R.2  —  2Rj  —  — „          ,,  is  shunted  by  shunt  ,S 

o  -j-  G 

and  tabulate  your  results  as  follows  : — 


FIG.  36. 


Galvanometer  used,                                 ;  resistance,  G,  =        ohms. 

Cell  tested. 

Resistances. 

Shunt  (if 
any),  -V. 

B. 

Mean,  P, 
ohms. 

Rj. 

R,. 
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Inferences. — Prove  the  relation  given  in  (6),  and  state  any 
assumptions  made  in  obtaining  it. 


47.    Internal  Resistance  of  a  Battery 
(Equal=deflection   Shunt  Method). 

Introduction. — The  following,  which  is  also  known  as 
Thomson's  method  of  measuring  the  internal  resistance  of  current 
generators,  entails  the  use  of  a  shunt  either  across  the  battery 
or  galvanometer  terminals,  and  is  subject  to  the  defects  of  current 
methods  in  general. 

Apparatus. —  Sensitive  fairly  low-resistance  galvanometer, 
G;  adjustable  resistance,  R,  and  shunt,  S;  spring  tapping-keys, 
Kj  and  K2 ;  cells,  B,  to  be  tested. 

CASE  I. — Shunt  vised  on  Battery. 

Observations. — (i)  Connect  up  as  in  Fig.  37,  and  adjust 
the  galvanometer  G  to  zero  (about). 

(2)  Adjust  S  and  R  to  some  convenient  values,  so  that  on 
pressing  Kj  and  K2  a  suitable  deflection, 
•  d,  is  obtained  on  G.  Note  the  values  of 
S  and  R. 

(3)  Open  K2,  and  increase  R  to  R,, 
so  as  to  again  obtain  the  same  deflection, 
d,  with  only  Ka  closed,  and  note  the  value 
ofR:. 

(4)  Repeat  (2)  and  (3)  for  about  ten 
different  deflections  throughout,  the  scale 

differing  by  about  equal  amounts  by  altering  the  value  of  S. 

(5)  Repeat  (2)-(4)  with  two  other  different  types  of  cells. 

(6)  Calculate  the  internal  resistance  of  the  battery  from  the 
relation — 

•n     -n 

B  =  S  -— -       ohms 
R  +  G 

and  tabulate  as  shown. 

CASE  II. — Shunt  used  on  Galvanometer. 

Observations. — (i)  Connect  up,  placing  S  and  K2  across  G 
instead  of  across  B,  as  in  Fig.  37,  and  adjust  the  galvanometer 
to  zero  (about). 
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(2)  Adjust  R  and  S  to  suitable  values,  so  that  on  pressing 
K!  and  K2  a  convenient  deflection,  d>  is  obtained  on  G,  and  note 
the  values  of  S  and  R. 

(3)  Open  K2,  and  increase  R  to  R,,  so  as  to  obtain  the  same 
deflection,  d,  again  with  only  Kx  closed,  and  note  the  value  of  RP 

(4)  Repeat  (2)  and  (3)  for  about  ten  values  of  d,  differing  by 
about  equal  amounts  throughout  the  scale  by  altering  S. 

(5)  Repeat  (2)-(4)  with  two  other  different  types  of  cells. 

(6)  Calculate  the  internal  resistance  of  the  battery  from  the 
relation — 


B  =  S 


and  tabulate  as  follows  : — 


=  S(RL-R)  _ 


R  ohms 


Galvanometer  used, 


;  resistance,  G,  =        ohms. 


Cell  used. 

Resistances. 

Shunt,  S. 

For 
reference, 
d. 

B. 

Mean,  B. 

R. 

Ri. 

Inferences. — Prove  the  formulae  given  in  (6),  Cases  I.  and  II., 
and  state  any  assumptions  made  in  obtaining  them.  State  the 
merits  and  demerits  of  the  two  cases. 


48.  Measurement  of  the  Internal  Resistance 
of  a  Battery  (Beetz's  Method). 

Introduction. — The  following  method  has  the  advantage  of 
not  merely  being  a  "  zero  "  one,  but  of  enabling  the  battery  to  be 
tested  to  be  placed  in  circuit  for  an  instant,  thereby  reducing  to  a 
minimum  the  tendency  for  the  cell  to  polarize  and  cause  irregular 
results. 

Apparatus. — Sensitive  low-resistance  galvanometer,  G ;  bat- 
tery, B,  to  be  tested ;  spring  tapping-keys,  K15  K2 ;  two  adjustable 
known  resistances,  rl5  r2,  or,  in  lieu  of  these,  a  low-resistance 
potentiometer,  ABC;  cell,  £,  of  fairly  constant  E.M.F.,  which  is 
less  than  that  of  B. 

G 
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Observations.  —  (i)  Connect  up  as  in  Fig.  38,  and  adjust  the 
galvanometer  G  to  zero  (about). 

(2)  Adjust  r-i  and  r.,  to  some  convenient  values  with,  say, 
r.2  =  about  Jr]}  depending  on  the  ratio 
of  the  E.M.F.'s  of  b  and  B.  Now 
close  K!,  and  the  next  instant  tap  K2  for 
a  moment.  If  G  deflects,  release  both 
keys,  and  readjust  t\  and  r,  so  that  no 
deflection  occurs  on  G,  and  note  the 
values  of  rlt  r.2. 

(3)  Repeat    (2)     for    about     eight 
different  values  of  i\,  r.2. 

(4)  Repeat  (2)  and  (3)  for  two  other  cells  inserted  singly  in 
place  of  B. 

(5)  Calculate   the  internal   resistance  of  each  cell  from  the 
relation  — 


FIG.  38. 


where  r^  and  r.2r.2r  represent  the  values  of  AB  and  BC  respec- 
tively in  any  two  sets  of  balances  obtained  in  (3)  above. 
Tabulate  as  follows  :  — 


Cell  tested. 

rl 

r2- 

B. 

Mean,  B. 

Inferences. — Prove  the  relation  given  in  (5),  and  state  any 
assumptions  made  in  obtaining  it. 


49.  Measurement  of  the  Internal  Resistance 
of  a  Battery  (Mance's  Method). 

Introduction. — The  method  consists  in  measuring  a  resistance 
containing  an  E.M.F.  by  means  of  the  Wheatstone  bridge. 
Though  a  somewhat  troublesome  one  to  manipulate,  it  is 
nevertheless  used  to  some  extent  in  determining  the  resistance  of 
cells,  etc.  It  has  the  disadvantage  that  the  effective  E.M.F.  of  the 
cell  varies,  due  to  the  alteration  of  current  given  by  it  when  the 
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key  is  pressed.  In  one  sense  it  has  the  advantage  of  being  a  zero 
method.  An  inconvenience  inherent  in  the  method  arises  from 
the  spot  of  light  in  a  sensitive  reflecting  galvanometer  travelling 
about  the  scale  as  the  galvanometer  key  is  pressed  or  the  arms 
of  the  bridge  adjusted,  and  which  arises  from  a  redistribution  of 
current  in  the  arms  and  galvanometer  branch.  This  frequently 
necessitates  continually  moving  the  controlling  magnet  in  order 
to  keep  the  spot  of  light  about  the  middle  of  the  scale,  its  most 
sensitive  position.  D'Umfreville  has  suggested  replacing  the 
galvanometer  by  the  primary  of  two  telescopic  coils,  and  joining 
the  galvanometer  instead  up  in  series  with  the  secondary  of  the 
coils,  thus  causing  it  to  indicate  sudden  changes  in  current,  but 
making  it  unaffected  by  the  actual  magnitude  of  the  current  in 
the  primary.  Thus  the  spot  always  returns  of  its  own  accord  to 
zero,  and  for  the  best  results  the  secondary  should  have  a  resist- 
ance equal  to  that  of  the  galvanometer.  The  present  method 
cannot  be  applied  to  E.M.F.'s  which  polarize  rapidly,  but  only  to 
those  which  are  fairly  constant,  owing  to  the  impossibility  of 
balancing  quickly  enough. 

Apparatus. — Sensitive  reflecting  galvanometer,  G ;  and  either 
a  P.O.  Wheatstone  bridge  box  or  three  adjustable  resistance 
boxes,  rlt  ;-2,  r3 ;  and  a  spring  tapping-key,  K. 

Observations. — (i)  Connect  up  as  in  Fig.  39,  the  right-hand 
diagram  being  the  P.O.  box  arrangement,  and  the  left-hand  that 
of  a  symbolical  Wheat- 
stone  bridge,  with  the 
three  resistance  boxes  r^ 
r.2,  and  r.A  forming  three  of 
the  arms.  Both  diagrams 
are  lettered  similarly.  Ad- 
just the  galvanometer  to 
zero  (about).  FlG-  39- 

(2)  Make  ^  small  and  r.2  large,  and  close  K15  adjusting  the 
controlling  magnet  by  placing  it  closer  to  the  galvanometer  needle, 
or  turning  it  so  as  to  bring  the  spot  of  light  back  to  zero  (about). 

(3)  Adjust  r.A  so  that  on  making  and  breaking  with  K  (Kj  still 
being  closed)  no  deflection  of  the  spot  of  light  is  observed.     Note 
the  values  of  rl5  r,,  and  r3. 

NOTE. — The  control  may  have  to  be  adjusted  each  time  r3  is 
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altered,  so  as  to  keep  G  at  about  zero,  its  most  sensitive  position. 
If  on  making  and  breaking  at  K,  first  a  kick  on  one  side  of  zero 
and  then  a  creeping  off  to  the  other  is  observed,  the  former 
denotes  "want  of  balance,"  the  latter  polarization  of  the  E.M.F., 
due  no  doubt  to  the  reduction  of  the  resistance  external  to  the 
E.M.F.  on  closing  K.  If  the  internal  resistance  is  low,  it  will  be 
best  to  "  bank  "  it  up  by  inserting  a  known  resistance  of  3  or  4 
ohms  in  series  with  it,  and  then  subtracting  this  from  the  final 
result.  This  will  also  have  the  good  effect  of  tending  to  stop 
or  reduce  polarization. 

(4)  Repeat  (2)   and   (3)  with  a  different  value  for  rl5  r^  if 
possible. 

(5)  Repeat   (2)-(4)  with  three  or   four   different   cells,    and 
calculate  the  internal  resistance  from  the  relation — 


b  =  —  .  1  3  ohms 

?2 

and  tabulate  as  follows  :— 

Galvanometer  used,                      ;  resistances  =        ohms. 

Name  of 
cell. 

Resistances. 

Resistances 
added 
(if  any). 

Internal 
resistance, 
b  ohms. 

',. 

'*. 

*+ 

Inferences. — Prove  the  relation  given  in  (5),  and  state  any 
assumptions  made  in  obtaining  it. 


50.  Measurement  of  the  Internal  Resistance 
of  a  Thermo=electric  Generator. 

Introduction. — The  electric  generator  to  be  tested  is  that 
designed  by  Mr.  H.  B.  Cox  for  producing  a  difference  of  electric 
potential  from  difference  of  temperature  maintained  between 
certain  parts  of  the  generator.  For  fixed  external  conditions  it 
furnishes  a  constant  supply  of  electrical  energy,  and  it  has  the 
advantage  of  having  no  moving  parts.  The  maximum  output 
of  the  generator  under  test  is  about  3^  amps,  at  4*8  volts 
approximately. 
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Apparatus. — The  generator,  G  (p.  341) ;  ammeter,  a  ;  high- 
resistance  voltmeter,  v ;  carbon  rheostat,  R  (p.  307) ;  switch,  S  ; 
key,  K  ;  voltmeter  resistance,  ;•. 

Observations. — (i)  Very  slowly  turn  on  the  water  until  a 
gentle  stream  flows  out  at  the  waste  pipe. 

(2)  Light  the  gas,  and  strictly  adhere  to  the  printed  directions 
for  starting^  etc. 

(3)  Next  couple  up  the  above-mentioned  apparatus  as  shown 
in  Fig.  40,  adjust  the  pointers  of  v  and 

a  to  zero,  and  r  to  such  a  value  that  v 
will  read  about  five  volts  for  a  full- 
scale  deflection  approximately. 

(4)  Allow  the  gas  to  burn  for  about 
1 2  minutes  before  starting  the  test,  and 
increase  R  by  unscrewing  the  carbon 
plates  until  they  are  quite  loose. 

(5)  Close  K,  and  note  the  reading 
E!  of  the  voltmeter,  which  is  therefore 
the  E.M.F.  of  G  on  "  open  circuit." 

(6)  Next  close  S  in  addition  to  K, 
and  adjust  R  so  that  a  reads  about 

0*3  amp.     Note  its  exact  value  A,  and  that  of  the  voltmeter  V,, 
simultaneously  ;  then  open  S. 

(7)  Repeat  (5)  and  (6)  for   about  ten  equal  increments  of 
current  up  to  the  maximum,  rising  by  about  0*3  at  a  time. 

Tabulate  as  follows  : — 


FIG.  40. 


r—        ohms  ;  voltmeter  resistance,  v,  =        ohms; = 


B,. 

E.M.F.  of  generator, 

E     r+Ttr. 

Vi- 

P.D.  at  generator, 

T.t±flr, 

Current,  A 
amps. 

Internal  resistance, 
F  —  V 

B                              nVimc 

E~      v    El 

Inferences. — Explain  how  the  formula  for  the  internal  resist- 
ance is  arrived  at. 
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51.   Internal    Resistance  of  a   Battery 
(Condenser  Method). 

Introduction. — This  method  will  be  found  convenient  when 
the  battery  under  test  is  liable  to  polarize  rapidly.  It  has  not, 
however,  the  advantages  of  a  mill  method.  There  are  two  or  three 
important  points  to  note  with  regard  to  it.  For  accurate  work 
the.  damping  of  the  galvanometer  should  be  small,  and  as  it  must 
be  of  the  ballistic  type,  the  discharge  should  be  completed  before 
the  needle  begins  to  move.  In  other  words,  the  duration  of  the 
current  must  be  very  small  compared  with  the  period  of  vibration 
of  the  needle.  Owing,  however,  to  residual  absorption^  there  is 
some  uncertainty  as  to  the  time  taken  to  discharge  the  condenser, 
and  hence  also  as  to  whether  this  time  is  comparable  with  the 
period  of  the  needle  or  not.  Again,  the  polarization  due  to  the 
flow  of  current  into  the  condenser  in  charging  may  be  sensible  if 
the  latter  has  a  large  capacity.  It  is  therefore  important  to 
employ  a  condenser  of  as  small  a  capacity  as  can  be  used  to 
give  a  satisfactory  deflection  with  the  most  delicate  galvanometer 
available. 

Apparatus. — Battery,  B,  to  be  tested  ;  condenser,  C  (p.  354) ; 
charge  and  discharge  key,  K-(p.  328);  box  of  known  resistance 
coils,  S ;  ballistic  mirror  galvanometer,  G  (p.  285). 

Observations.— (i)  Connect  up  as  shown  in  Fig.  41,  and 
adjust  the  galvanometer  needle  to  zero.  Completely  discharge 

the  condenser  by  short-circuiting  it. 

(2)  Cut  out  S  by  taking  out  the 
infinity  plug  and  thus  breaking  cir- 
cuit;   then,   with   the   battery   thus 
unshunted,  note  the  first  throw,  d^ 
of  the  spot  of  light  on  charging  or 
discharging  C,  and  completely  dis- 
charge  C. 

(3)  Insert  the  infinity  plug  and 

also  a  convenient  resistance  S  ohms  in  the  box.     Note  the  throw 
4  on  charging  or  discharging,  and  release  K  immediately.    Com- 
pletely discharge  C. 
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(4)  Repeat  (2)  and  (3)  for  about  six  different  values  of  S  for 
each  of  the  three  cells  tested,  and  calculate  the  internal  resistance, 
B,  of  the  cells  from  the  formula — 

B  =  S^1  ~  d'  ohms 
d2 

(5)  Repeat  (2)-(4)  with  a   larger   capacity,  and   tabulate   as 
follows : — 


Name  of 
cell. 

Capacity 
used. 

Throw,  d\. 

Throw,  */2. 

Shunt,  S. 

B  ohms. 

Mean,  B. 

NOTE. — The  apparatus  is  connected  up  in  such  a  way  that  the 
condenser  and  shunt  are  simultaneously  disconnected  from  the 
battery,  for  with  cells  that  polarize  rapidly  it  is  very  important  to 
shunt  the  battery  only  at  tJie  moment  of  charging  the  condenser. 
The  best  result  will  be  obtained  when  S  is  not  less  than  B  or 
greater  than  2B. 

Inferences. — Prove  the  formula  given  in  (4),  and  state  what 
assumptions  are  made  in  deducing  it. 


52.   Internal    Resistance   of  a   Battery 
(Electrometer  Method). 

Introduction. — This  method  is  one  of  the  best  for  determining 
the  internal  resistance  of  a  current  generator.  Like  the  condenser 
method,  the  fall  of  potential  in  the  battery  is  made  to  occur  for  a 
very  short  time,  and  thus  errors  due  to  polarization  are  reduced 
practically  as  low  as  they  can  be.  In  what  follows  it  will  be 
assumed  that  the  operator  is  familiar  with  the  construction  and 
principle  of  the  electrometer,  almost  any  sensitive  type  of  which 
will  be  suitable  to  use  for  the  purpose  (vide  pp.  289-306). 

The  adjustments  in  general  for  any  type  will  be  obvious  from 
a  reference  to  those  on  p.  300  for  the  Thomson  quadrant  electro- 
meter. 

Apparatus, — Quadrant  electrometer  with  its  reversing  key, 
K  (p.  298),  or,  in  lieu  of  this  type,  that  described  on  p.  328  ;  cells, 
B,  to  be  tested ;  known  resistance,  R ;  electrophorus  or  Leyden  jar 
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and  Wimshurst  machine  for  charging  the  needle  of  the  electro- 
meter. 

Observations. — (i)  Connect  up  either  as  in  Fig.  42  or  Fig. 
50  (p.  100).     In  the  latter  case  P  can  be  dispensed  with,  and  the 

cell  connected  direct  to  ter- 
minals c  and  d,  with  the 
resistance  R  across  a  and  b. 
(2)  With  R  =  oo  ,  and 
the  electrometer  needle 
charged  with  a  definite  indi- 
cated potential,  press  Ki,  and 
note  the  steady  deflection 
</!.  Then  release  Ki  and 
press  K2,  noting  the  steady 
deflection  d^  on  the  opposite  side  of  zero.  These  should  be 
equal ;  if  not,  take  the  mean,  calling  itv/x. 

N.B. — The  potential  of  the  needle  must  be  kept  constant. 

(3)  Insert  a  suitable  resistance  in  R,  and  repeat  (2),  noting  the 
value  of  R  and  the  mean  deflection  d.2  on  the  electrometer. 

(4)  Repeat  (2)  and  (3)  for  about  eight  different  values  of  R. 

(5)  Repeat  (2)-(4)  for  two  other  batteries. 

(6)  Calculate   the    internal    resistance  of  each  cell  from  the 
relation — 

A  - 


FIG.  42. 


B  =  R 


d. 


ohms 


and  tabulate  as  follows  : — 


Cell  tested. 

Mean  deflections. 

Shunt,  R. 

B. 

Mean,  B 
ohms. 

Unshunted, 
rft. 

Shunted, 
& 

Inferences. — Prove  the  relation  given  in  (6),  and  state  any 
assumptions  made  in  obtaining  it. 
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53.    Polarization  of  Cells 
(Experimental    Investigation). 

Introduction. — When  a  current  generator,  in  the  form  of 
a  primary  cell  or  battery,  is  allowed  to  send  a  current,  a  pheno- 
mena known  as  "polarization  "  sets  in  ;  and  if  the  resistance  of  the 
circuit  through  which  the  current  flows  remains  constant,  the 
current  itself  gradually  falls  in  value,  which  fall  is  more  rapid  as 
the  circuit  resistance  diminishes,  or,  in  other  words,  as  the  current 
taken  out  of  the  cell  increases.  The  effect  is  due  to  the  decom- 
position (necessarily  entailed)  of  the  materials  of  the  cell  and  the 
presence  of  free  gases  at  the  surface  of  the  plates,  thus  setting  up 
an  influence  of  the  nature  of  a  recoil,  or  back  E.M.F.  as  it  is 
commonly  termed.  Some  cells  are  particularly  subject  to  this 
effect  of  polarization,  and  the  object  of  this  present  investigation 
is  to  see  the  relative  magnitudes  of  this  effect  in  different  types 
of  cells. 

Apparatus. — Low- resistance  aperiodic  galvanometer,  G,  or 
a  tangent  galvanometer  will  serve  the  purpose  nearly  as  well ;  cells 
to  be  experimented  upon  ;  key,  K. 

Observations. — (i)  Connect  the  above  apparatus  in  simple 
series,  using  one  of  the  cells,  say  the  Daniell  first,  and  adjust  the 
galvanometer  to  zero. 

(2)  At  a  noted  instant  of  time  close  K,  and  at  once  take  the 
reading  on  G,  which  must  be  noted  together  with  the  time. 

(3)  Repeat  (2)  with  K  still  closed,  noting  the  deflection  as  it 
falls,  at  intervals  of  about  one  or  two  minutes,  for  about  half  an 
hour. 

(4)  Repeat  (2)  and  (3)  with  a  Leclanche  and  bichromate  cell 
instead  of  the  Daniell,  and  tabulate  your  results  in  a  convenient 
form. 

N.B. — The  cells  should  all  be  good  ones,  and  newly  set  up,  in 
order  to  obtain  a  fair  comparison.  The  intervals  of  time  should 
be  selected  according  to  the  conditions  of  the  test  and  the  cells  in 
use,  frequent  readings  being  taken  where  the  current  varies  rapidly, 
and  so  on.  If  a  tangent  galvanometer  is  used,  the  tangents  of  the 
deflections  must  be  used. 


9o  Practical  Electrical  Testing. 

(5)  Plot  curves  for  each  cell  on  the  same  sheet  of  curve  paper, 
having  values  of  deflections  as  ordinates  and  time  in  minutes  as 
abscissae. 

Inferences. — State  clearly  all  the  inferences  which  can  be 
deduced  from  the  results  of  your  test. 


54.    Comparison   of   Electromotive   Forces 
(Equal = resistance   Method). 

Introduction. — By  means  of  this  simple  substitution  method 
as  it  is  sometimes  called,  E.M.F.'s  maybe  compared  by  observing 
the  relative  currents  they  will  send  through  a  circuit  of  fixed  resist- 
ance, which  is  very  large  compared  with  their  own  internal  resist- 
ance. If  the  galvanometer  used  to  indicate  the  currents  is  too 
sensitive,  it  may  be  shunted  by  any  convenient  resistance,  provid- 
ing the  rest  of  the  circuit  has  a  high  resistance  compared  with  that 
of  the  cells.  It  is,  however,  preferable  to  make  the  resistance  of 
the  rest  of  the  circuit  high  instead  of  using  a  shunt. 

Apparatus. — Galvanometer,  G ;  cells  to  be  compared,  E:  and 
E., ;  either  a  two-  or  three-way  key,  K  ; 
resistance  box,  R ;  resistance,  S,  to  be 
used  as  a  shunt  to  G  if  required. 

Observations. — (i)  Connect  up  as 
indicated  in  Fig.  43,  and  adjust  the 
galvanometer  needle  to  zero. 

(2)  K  being    open,  adjust    R  to  a 
suitable  high  value ;  tJie  higher  it  is  the 
more  accurate  will  be  the  result. 

(3)  Switch  on  to  the  cell  of  highest 
E.M.F.  EI,  and  adjust  R,  and  if  neces- 

FlG-  43-  sary  S,  so  as  to  obtain  about  a  quarter- 

scale  deflection,  d^  on  G.     Note  this,  and,  for  reference  only,  the 
values  of  R  and  S  (if  any). 

(4)  With   R  and  S  as  before,  switch  on  to  the  next  cell  of 
E.M.F.  E-2,  and  note  the  deflection  d& 

(5)  Repeat  (2)-(4)  for  a  half,  three-quarter,  and  full-scale  deflec- 
tion approximately. 
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(6)  Compare  the  Daniell,  Leclanche',  and  bichromate  or  other 
cells  in  this  way,  obtaining  the  results  of  (2)-(5),  with  each  of 
the  three  possible   combinations   of  the   three   cells  taken,    say 
two  at  a  time. 

(7)  Compare   the    E.M.F.'s,  and   calculate  one  of  them  by 
assuming   the   other   as   a    standard    known    E.M.F.,   from   the 
relation — 

E!  :  E.j  =  t/1  :  d>, 

NOTE. — If  a  tangent  galvanometer  is  used,  tan  d*  and  tan  d° 
must  be  used  in  the  above  relation  instead  of  d^  and  dz  re- 
spectively, etc.,  and  these  latter  should  have  equal  values  on  either 
side  of  45°  for  maximum  accuracy. 

Tabulate  as  follows  : — 


Galvanometer  used,             ;  resistance  =        ohms  ;  known  E.M.F.,  say  K\,  =       volts. 

Names  of  cells  of 
E.M.F.'s. 

Deflections. 

For 
reference 
only,  R. 

£2      d-i 

Unknown 
E.M.F., 
E2  volts. 

EI. 

E2. 

*. 

*,. 

Inferences. — Prove  the  relation  given  in  (7),  and  state  any 
assumptions  made  in  obtaining  it.  Is  the  method  open  to  any 
particular  objections  ? 


55.    Comparison   of   Electromotive   Forces 
(Equal =def lection   Method). 

Introduction. — By  means  of  the  following  simple  substitution 
method,  E.M.F.'s  may  be  compared  by  the  resistances  through 
which  they  will  send  equal  currents,  and  such  resistances  must  be 
very  large  compared  with  the  galvanometer  and  battery  resist- 
ances together.  If  the  galvanometer  is  too  sensitive,  it  may  be 
shunted,  as  this  will  still  further  tend  to  diminish  the  effective 
resistance  between  its  terminals. 

Apparatus.—  Identically  the  same  as  in  the  last  experiment. 

Observations. — (i)  Connect  up  as  in  Fig.  44,  and  adjust  the 
galvanometer  to  zero. 
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(2)  K  being  open,  adjust  R  to  a  suitable  high  value ;  the  higher 
it  is  the  more  accurate  will  be  ttie  result. 

(3)  Switch  on  to  the  cell  of  highest  E.M.F.  Ex,  and  adjust  R, 

and  if  necessary  S,  so  as  to  obtain  about 
a  quarter-scale  deflection  d  on  G.  Note 
the  value  of  Rj  and  of  d  and  S  (if  any), 
for  reference  only. 

(4)  With  S  unaltered,  switch  on  to 
the  next  cell  of  E.M.F.  E2,  and  alter  R 
so    as    to   reproduce   the   deflection  d 
again.     Note  the  value  of  resistance  R2 
to  do  this. 

(5)  Repeat    (2)^(4)     for    a    half, 
three-quarter,    and   full-scale   deflection 
approximately. 

(6)  Compare    the    Daniell,   Leclanche,    and    bichromate    or 
other   cells   in   this   way,    obtaining   the  results   of  (2)-(5),  with 
each  of  the  three  possible  combinations  of  the  three  cells  taken, 
say  two  at  a  time. 

(7)  Compare  the  E.M.F.'s,  and  calculate   one  of  them   by 
assuming  the  other  known  from  the  relation — 

E!  I  E2  =  RI  *  R-2 

and  tabulate  as  follows  : — 


Galvanometer  used,                ;  resistance  =        ohms  ;  known  E.M.F.,  say  EI,  =      volts. 

Names  of  cells  of 
E.M.F.'s. 

Resistances. 

For 
reference 
only,  d. 

EI       RI 
E2      R2 

Unknown 
E.M.F., 
E2  volts. 

EL 

E2. 

Rl. 

R2- 

Inferences. — Prove  the  relation  given  in  (7),  and  state  any 
assumptions  made  in  obtaining  it.  Is  the  method  open  to  any 
particular  objections  ?  If  so,  state  them. 


56.   Comparison   of   Electromotive   Forces 
(Wiedemann's  Method). 

Introduction. — This   is   sometimes   called    the   "sum   and 
difference"   method,  and   consists   in   determining    the    relative 
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strengths  of  currents  sent  through  a  fixed  resistance,  first,  when 
the  E.M.F.'s  are  in  series  assisting  each  other;  and  secondly,  in 
series  opposing  one  another. 

Apparatus.  —  Sensitive  fairly  low-resistance  galvanometer,  G  ; 
high  adjustable  resistance,  R;  reversing  key,  K  (p.  329);  the  two 
E.M.F.'s,  E!  and  E2,  to  be  compared. 

Observations.  —  (i)  Connect  up  as  in  Fig.  45,  and  adjust 
the  galvanometer  to  zero. 

(2)  With  R  at  its  highest,  turn  K  so  as  to  join  the  smaller 
E.M.F.  E2  in  series  with  and  assisting  Ea; 

then  reduce  R  to  such  a  value  as  will  give 
a  full-scale  deflection  d^  on  G.  Note  this 
deflection  d±  and  the  value  of  R  (for 
reference  only). 

(3)  With  R  as  before,  turn  K  through 
90°,  so  as  to  place  the  smaller  E.M.F.  E.2 
in  series  with  but  opposing  E15  and  note 
the  deflection  d.2. 

(4)  Repeat  (2)  and  (3)  for  three  widely 
different    and    small    deflections    dl    by 
suitably  increasing  R,  but  dl  must  not  be 

reduced  to  such  an  extent  that  d.2  is  too  small  to  read  accurately. 

(5)  Repeat  (2)-(4)  with  the  Daniell,  Leclanche,  and  bichromate 
or  other  cells,  taken  two  at  a  time  for  the  three  possible  com- 
binations of  the  three  cells. 

(6)  Compare  the  E.M.F.'s,  and   calculate   one   of  them   by 
assuming  the  other  known  from  the  relation  — 


FIG.  45. 


E2      d±  —  d.2 

NOTE.  —  If  a  "  tangent  "  or  "  sine  "  galvanometer  is  used,  the 
tangent  or  sines  of  the  deflections  respectively  must  be  used 
instead  of  simply  d^  and  d^. 

Tabulate  as  follows  :— 


Galvanometer  used, 


;  resistance  =        ohms;  known  E.M.F.,  say  EI,  =       volts. 


Names  of  cells  of 
E.M.F.'s. 

Deflections. 

For 
reference 
only,  R. 

EI       </i  +  d2 

Unknown 
E.M.F., 
E2  volts. 

EI. 

E2. 

Assisting, 

Opposing, 
</2- 

E2  ~  *a  -  </2 
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Inferences. — Prove  the  relation  given  in  (6),  and  state  any 
assumptions  made  in  obtaining  it.  State  the  advantages  and 
disadvantages  of  the  method. 


57.    Comparison   of   Electromotive   Forces 
(Wheatstone's  Method). 

Introduction. — This  method  consists  in  determining  the  re- 
sistances through  which  the  cells  will  give  the  same  pair  of 
deflections.  It  is  a  simple  and  convenient  one. 

Apparatus. — Sensitive  galvanometer,  G ;  two-way  key,  K ; 
an  adjustable  high  resistance,  R ;  the  two  E.M.F.'s,  E1  and  E2,  to 
be  compared. 

Observations. — (i)  Connect  up  as  in  Fig.  46,  and  adjust 
the  galvanometer  to  zero  (about).  • 

(2)  Adjust  the  resistance  to  such  a  value  R0  that  a  full-scale 
deflection  </0  is  obtained  on  closing  Ki. 
Note  the  values  of  R0  and  d$. 

(3)  Increase  this  resistance,  say  to  double 
the    amount,    namely,    R,    and    note    the 
diminished  deflection  d  and  the  value  of  R. 

(4)  Now  close  K2,  adjusting  the  resist- 
ance to  a  value  r0,  so  as  to  reproduce  the 
original  deflection  dQ. 

(5)  Increase  this  resistance  to  an  amount 
r,    so    as    to    again    reproduce    the   other 
deflection  d. 

(6)  Repeat  (2)-(5)  for  three  widely  different  pairs  of  deflections 
by  suitably  adjusting  the  resistance. 

(7)  Repeat  (2)-(6)  for  the  Daniell,  Leclanche,  and  bichromate 
or  other  cells,  obtaining  results  with  each  of  the  three  possible 
combinations  of  the  three  cells  taken  two  at  a  time. 

(8)  Compare  the  E.M.F.'s,  and  calculate  one  of  them,  assuming 
the  other  known  from  the  relation — 


FIG.  46. 


E,       R  - 


E, 


r  -r, 


and  tabulate  as  follows  :— 
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Galvanometer  used, 


;  resistance  =      ohms  ;  known  E.M.F.,  say  Ej,  =       volts. 


Names  of  cells 
of  E.M.F.'s. 

Deflections. 

Resistances. 

Resistances. 

E!  _  R  -  R0 

E2  ~~  r  -  rQ 

Unknown 
E.M.F., 
E2  volts. 

Ei. 

E2. 

<fc. 

d. 

R. 

R0. 

r. 

*"<)• 

Inferences. — Prove  the  relation  given  in  (8),  and  state  any 
assumptions  made  in  obtaining  it.  What  advantages  or  dis- 
advantages does  the  method  possess  ? 


58.    Comparison  of   Electromotive  Forces 
(Lumsden's  Method). 

Introduction. — The  method  is  variously  known  as  Lumsden's, 
or  Lacoine's,  or  Bosscha's,  but  the  first  name  is  applied  here,  as 
it  is  generally  known  by  that  in  this  country. 

The  method  is  a  simple,  convenient,  and  accurate  one,  and 
has  the  great  advantage  of  being  a  "  zero  "  method,  i.e.  one  in 
which  no  deflection  has  to  be  noted.  It  is  not,  however,  a  "  null " 
method  in  the  sense  of  the  word  in  which  the  author  prefers  to 
use  the  term,  in  that  the  cells  are  sending  a  current  continuously 
even  at  the  moment  of  balance,  and  hence  there  is  the  possibility 
of  errors  due  to  polarization  unless  the  circuit  resistance  is  high. 
The  galvanometer  and  other  resistances  should  be  high,  so  as  to 
make  the  internal  resistance  of  the  cells 
negligible  compared  with  them,  and  the 
polarization  effect  practically  nil. 

Apparatus. — Sensitive  high  -  resist- 
ance galvanometer,  G ;  cells  of  E.M.F.'s, 
Ej  and  E.j,  to  be  compared  ;  two  spring 
tapping-keys,  K,,  K2,  and  two  high-resist- 
ance boxes,  r  and  R  ;  a  single  P.O.  box 
can  be  made  te  do  instead,  if  necessary.  K, 

Observations. — (i)  Connect  up  as  FlG-  47- 

indicated  in  Fig.  47,  the  two  cells  being  in  series  with  the  two 
resistances  r  and  R,  and  helping  one  another. 

(2)  Adjust  R  to  some  suitable  high  value,  and  vary  r  so  that 
on  pressing  Ka  first,  and  then  K2,  no  deflection  occurs  on  G. 
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(3)  Repeat  (2)  for  about  six  or  eight  different  values  of  r  and 
R,  and  compare  the  E.M.F.'s,  calculating  one  by  assuming  the 
other  known  from  the  relation — 

E!  :  E2  =  R  :  r 

(4)  Repeat  (2)  and  (3)  for  each  pair  or  combination  formed 
from  the  Daniell,  Leclanche,  and  bichromate  or  other  cells,  and 
see  whether  the  product  of  any  two  of  the  mean  ratios  equals  the 
third  ratio.     Tabulate  your  results  as  follows  : — 


Galvanometer  used, 


;  resistance  =       ohms;  known  E.M.F.,  sa 


/olts. 


Names  of  cells  of  E.M.F.'s. 

Resistances. 

E,     R 

E2       r 

Unknown  E.M.F  , 
E2  volts. 

EL 

E2. 

R. 

r. 

Inferences. — Prove  the  relation  given  in  (3),  and  state  any 
assumptions  made  in  deducing  it. 


59.    Comparison  of  Electromotive  Forces 
(Clark=Poggendorff  Method). 

Introduction. — The  principle  of  this  method  was  originally 
due  to  Poggendorff,  who  balanced  the  E.M.F.'s  directly  against 
one  another  by  altering  resistances.  The  present  modification  is 
due  to  Latimer  Clark,  who  introduced  a  separate  "working" 
battery  against  known  fractions,  of  which  the  E.M.F.'s  to  be 
compared  are  balanced.  This  arrangement  has  been  used  by 
Lord  Rayleigh  for  comparing  the  E.M.F.'s  of  standard  cells.  The 
method  is  a  valuable  one,  and  possesses  the  great  advantage  over 
almost  all  others  in  being,  not  only  a  "  zero"  but  also  a  " null" 
method,  i.e.  while  the  E.M.F.'s  are  being  compared  neither  can 
possibly  polarize,  as  no  current  passes  through  therm  This  is  indi- 
cated by  a  sensitive  reflecting  galvanometer,  G,  in  series  with 
them;  hence  the  terminal  P.D.  of  the  cell  will  be  its  E.M.F.  If 
two  resistance  boxes,  AB  and  BC,  are  joined  in  series,  and  a 
constant  P.D.,  E  (greater  than  either  of  the  E.M.F.'s  E,  and 
E2  to  be  compared),  maintained  at  the  extremities  A  and  C  of 
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the  combination  by  an  independent  battery,  then  ABC  is  merely 
a  high-resistance  potentiometer  wire,  and  there  will  be  a  uniform 
fall  of  potential  from  A  to  C.  Hence  it  must  be  possible  to  find 
a  point  B  between  A  and  C  such  that  the  P.D.  between  A  and 
B  =  E!  or  E2.  Then,  on  pressing  one  side  or  other  of  the  two- 
way  key  K,  there  will  be  no  deflection  on  G,  and  if  the  total 
resistance  ?\  -f-  r.2  is  kept  constant,  i\  will  be  proportional  to  Ev 
The  method  is  quite  independent  of  the  internal  resistance  of 
the  cells,  and  its  sensitiveness  is  far  greater  than  could  be 
obtained  with  any  electrometer  or  other  methoc|. 

Apparatus.  —  High-resistance  sensitive  galvanometer,  G  ;  two- 
way  spring  tapping-key,  K  ;  working  battery  of  two  or  more  cells, 
E  ;  adjustable  high  resistances,  i\  and  ;2  ;  E.M.F.'s,  Ex  and  E2, 
to  be  compared. 

Observations.  —  (i)  Connect   up  as   indicated   in   Fig.   48, 
joining  all  like  poles  (positive),  say 
to  A,  and  adjust  the  spot  of  light  to 
about  zero. 

(2)  Always   maintain    rv-\-  r^    a 
constant  and  =  10,000  ohms,  say; 
then  suitably  adjust  each  so  that  on 
switching   K    to    Ex    no    deflection 
occurs.     Note  the  values  of  ?\  and  rz. 
the  new  value  of  rlt  t\'. 

N.B.  —  To  see  whether  the  working  E.M.F.  has  altered,  repeat 
with  the  first  cell  again.  If  it  has  a  new  value  of  1\  will  be 
obtained,  but  the  mean  of  this  and  the  first  value  must  be  used. 

(3)  Repeat  (2)  for  some  six  different  values  of  i\  +  ;2,  and 
compare  the  E.M.F.'s  from  the  relation  — 


FIG.  48. 
Repeat  this  for  E2,  calling 


(4)  Repeat  (2)  and  (3),  using  the  Daniell,  Leclanche,  and 
bichromate  or  other  cells  in  pairs  for  Ex  and  E2,  and  tabulate  as 
follows  :  — 


Galvanometer  used,          ;  resistance  =        ohms  ;  known  E.M.F.,  say  EJ,  =        volts. 

Names  of  cells  of  E.M.F.'s. 

Resistances. 

&%• 

Unknown  E.M.F., 
E2  volts. 

E,. 

E2. 

rtt 

ri- 

*l  +  r* 

98  Practical  Electrical  Testing. 

NOTE. — If  AB  and  BC  are  two  similar  but  separate  resistance 
boxes,  care  should  be  taken  not  to  mix  the  plugs,  but  to  place 
them  in  the  lids  of  their  respective  boxes. 

Inferences.— Prove  the  relation  given  in  (3),  and  state  any 
assumptions  made  in  obtaining  it. 


60.  Comparison  of  Electromotive  Forces 
(Condenser  or  Ballistic  Method). 

Introduction. — The  ordinary  galvanometric  methods  of  com- 
paring E.M.F.'s  cannot  be  employed  to  obtain  accurate  results 
when  the  cells  to  be  compared  polarize  at  all  rapidly.  In  such 
cases  some  null  method,  such  as  Clark's,  is  preferable.  The 
following  one  (sometimes  known  as  Law's  method)  can  be  con- 
veniently employed  when  a  condenser  and  ballistic  galvanometer 
are  available.  The  condenser  should  have  as  small  a  capacity  as 
possible,  but  one  that  will  give  a  satisfactory  deflection  with  the 
most  sensitive  arrangement  of  the  galvanometer  available.  This 
arises  from  the  fact  that  if  the  capacity  was  larger,  the  larger 
current  necessary  to  fully  charge  the  condenser  might  result  in  an 
appreciable  polarization.  If  one  E.M.F.,  say  E15  is  much  larger 
than  the  other,  it  may  be  necessary  to  shunt  the  galvanometer  G 
with  a  shunt  S  when  this  larger  E.M.F. 
is  being  used  (vide  p.  113),  so  as  to  keep 
the  respective  throws  much  about  the 
same  in  magnitude. 

Apparatus.  — Ballistic  galvanometer, 
G  (p.  285);  condenser,  C;  Pohl's  com- 
mutator, P  (p.  330) ;  batteries  of  E.M.F.'s, 
Fn  and  E.2,  to  be  compared ;  key,  K. 

Observations. — (i)  Connect  up  as 
indicated  in  Fig.  49,  and  adjust  spot  of 

FIG.  49:  Hght  to  zero- 

(2)  With  K  open,  free  the  condenser 

from  any  residual  charge  by  short  circuiting  its  terminals;   then 
turn  P  over  to  the  weakest  E.M.F.,  E15  for  a  few  seconds. 

(3)  Turn  P  so  as  to  open  the  battery  circuit,  and  quickly  press  K, 


E, 
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the  spot  of  light  being  absolutely  at  rest.     Note  the  first  throw 
*/!  of  the  spot. 

(4)  Repeat  (2)  and  (3)  two  or  three  times,  and  take  the  mean. 

(5)  With  K  open,  free  C  from  any  residual  charge,  and  turn 
P  over  to  the  other  E  M.F.,  E2,  and  repeat  (3)  and  (4),  noting  the 
mean  first  throw  dv 

(6)  Repeat  (2)-(5)  for  about  six  different  throws  by  altering  C 
if  possible,  and  compare  the  E.M.F.'s,  calculating  one  of  them 
by  assuming  the  other  known  from  the  relation  Ex  :  E,  =  d±  :  d^ 

C      [     c* 

for  no  shunt,  or  E!  :  E2  =  -     — dl  :  d%  when  a  shunt  is  used  as 

S 
above. 

(7)  Repeat  (2)-(6),  using  Daniell's,  Leclanche,  and  bichromate 
or  other  cells  in  pairs,  giving  three  possible  combinations,  and 
tabulate  as  follows  [Caution. — Never  charge  C  with  K  depressed} : — 


Galvanometer  used,         ;  resistance,  G,  =      ohms;  known  E.M.F.,  say  EI,  =        volts. 

Names  of  cells  of  E.M.F.'s. 

Mean  first  throws. 

Shunt,  if 
used,  S. 

& 

Unknown  E.M.F., 
£2  volts. 

EL 

E2. 

d,. 

4. 

Inferences. — Prove  the  relation  given  in  (6),  and  state  what 
assumptions  are  made  in  obtaining  it.  State  why  the  weakest 
E.M.F.  should  be  used  first. 


61.   Comparison  of  Electromotive  Forces 
(Electrometer  Method). 

Introduction. — This  method  necessitates  the  use  of  some 
form  of  electrometer,  and  with  it  the  expenditure  of  much  more 
time  and  care  than  in  any  of  the  preceding  methods.  Though  a 
deflection  method,  it  possesses  the  great  advantage  that  no  current 
is  taken  from  the  cells  during  the  test,  and  consequently  there  can 
be  no  polarization  whatever.  In  this  particular  instance,  though 
almost  any  sensitive  form  of  electrometer  will  do,  we  will  assume 
the  use  of  the  Kelvin  quadrant  form  (for  a  description  of  which 
see  p.  290),  and  that  it  is  charged  ready  for  use  in  the  manner 
described  on  p.  300. 


IOO 
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Apparatus. — Kelvin  quadrant  electrometer,  E,  with  its  revers- 
ing key,  K;  high-insulation  Pohl's  commutator,  P  (p.  330);  E.M.F.'s, 
EX  and  E.,,  to  be  compared  ;  either  an  electrophorus  or  Leyden  jar 
and  Wimshurst  machine  for  charging  the  needle  ;/  of  E. 

Observations, — (i)  Connect  up  as  in  Fig.  50,  where  qq  are 
the  terminals  of  the  two  pairs  of  quadrants ;  n  that  of  the  needle  ; 

i  the  induction-plate 
electrode ;  el  a  ter- 
minal on  the  case  of  E, 
and  therefore  to  earth ; 
r  the  "  replenisher." 

(2)  With  the  lever  e 
of  K  at  O,  obtain  the 
final  exact  adjustment 
of  the  hair  midway  be- 
tween the  two  dots  by  turning  the  replenisher  r. 
(3)  Now  quickly  press  e  to  i,  P  being  over 
to  EU  and  note  the  steady  deflection  d±  on  the 
electrometer.     Now  lift  e  to  2,  and  note   the 
deflection  on  the  opposite  side  of  zero.     These  should  be  equal ; 
if  not,  take  the  mean  and  call  it  dlt  and  leave  e  at  the  O  position. 
N.B. — The  hair  must  be  maintained  midway  between  the  dots. 

(4)  Repeat  (2)  and  (3)  for  P  over  to  E2,  obtaining  a  mean 
deflection  d.2. 

(5)  Repeat  (2)-(4)  about  four  times  with  each  pair  of  cells 
compared. 

.  (6)  Repeat  (2)-(5)  with  the  Daniell,  bichromate,  and  Le- 
clanche  or  other  cells  taken  in  pairs,  giving  the  three  possible 
combinations,  with  three  cells  taken  two  at  a  time. 

(7)  Compare  the  E.M.F.'s,  and  calculate  one  of  them, 
assuming  the  other  known,  from  the  relation — 

E!  :  E2  =  di  :  d.2 
and  tabulate  as  follows  : — 


Electrometer  used, 


known  E.M.F.,  say  EI,  =        volts. 


Names  of  cells  of  E.M.F.'s. 

Deflections. 

Deflections. 

E,      </, 

Unknown 
E.M.F., 
.  E2  volts. 

EI- 

E2. 

Right, 
rfj. 

Left, 
4. 

Mean, 
4. 

Right, 

Left, 
4- 

Mean, 
ft. 

E2      az 
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Inferences. — Prove  the  relation  given  in  (7),  and  state  any 
assumptions  made  in  obtaining  it. 


62.  Comparison   of   the    E.M.F.'s  of 
Standard   Cells. 

General  Remarks. — In  the  case  of  very  accurate  standardizing 
work,  it  is  desirable  to  employ  more  than  one  standard  cell  on  the 
work,  in  order  to  obtain  a  complete  check  on  the  results  obtained 
with  a  particular  cell.  In  such  cases  two  or  more  such  cells  are 
usually  to  hand,  and  it  is  advisable  to  compare  their  E.M.F.'s 
with  one  another  in  a  separate  test.  On  reviewing  the  previous 
methods  already  given  for  the  comparison  of  E.M.F.'s,  a  little 
consideration  will  at  once  show  that  practically  only  those  of 
"  Clark-Poggendorff,"  "  Beetz,"  the  ballistic,  and  the  electrometer 
methods  are  at  all  suitable  for  the  comparison  of  the  E.M.F.'s  of 
standard  cells  when  an  accurate  result  is  required.  This  will  be 
evident  when  we  remember  that,  in  general,  all  standard  cells  are 
liable  to  very  rapid  polarization  when  anything  but  an  extremely 
minute  current  is  taken  out  of  them ;  and  nothing  greater  than  this 
should  ever  be  taken  if  it  is  desired  to  keep  the  cells  as  acctirate 
known  standards  of  E.M.F.  In  the  next  place,  such  cells  have 
usually  a  very  high  internal  resistance,  and  if  this  is  not  eliminated, 
it  must  be  accurately  known  and  allowed  for,  which  again  intro- 
duces difficulties.  The  question  of  internal  resistance  can  only  be 
eliminated  when  the  cell  is  on  either  open  circuit  or  an  extremely 
high  external  resistance,  when  such  internal  resistance  becomes 
entirely  negligible  compared  with  that  of  the  rest  of  the  circuit. 
Thus  the  Clark-Poggendorff  and  Beetz  methods  are  by  far  the  best 
for  this  purpose,  for  not  only  are  they  "  null"  methods  in  the 
sense  that  on  "  balance  "  absolutely  no  current  flows  through  the 
cell,  but  they  are  also  "  zero  "  methods,  i.e.  ones  in  which  no  deflec- 
tion on  the  galvanometer  is  the  condition  to  be  obtained,  which 
allows  any  kind  of  galvanometer  to  be  used  as  long  as  it  is  sensi- 
tive enough.  The  electrometer  and  ballistic  methods  entail  the 
measurement  of  deflections,  and  are  therefore  not  so  convenient; 
and  the  last-named  is  open  to  a  further  objection,  namely,  that 
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unless  the  capacity  of  the  condenser  used  is  small,  such  a  quantity 
of  electricity  may  be  required  to  charge  the  condenser  as  will 
suffice  to  appreciably  polarize  the  cell.  The  electrometer  method 
is  better  in  this  respect,  as  the  cell  is  on  open  circuit. 


63.   Measurement    of    the    E.M.F.     of 
Standard  Cells  (Null=zero  Method). 

Introduction. — The  method,  which  is  a  slight  modification  of 
the  Clark-PoggendorrT  one  for  comparing  E.M.F.'s,  is  a  con- 
venient and,  with  sufficient  care,  an  accurate  method  of  measuring 
the  E.M.F.'s  of  standard  cells  such  as  Clark's.  In  general,  this 
type  of  cell  has  a  high  internal  resistance,  and  in  addition  polarizes 
very  rapidly  when  allowed  to  send  anything  but  an  infinitesimally 
small  current,  and  it  should  never  be  allowed  to  send  more  than 
this.  Hence  the  present  method  has  the  all-important  advantages 
that,  being  a  "null"  one,  the  cell  is  not  required  to  send  any 
current  at  all,  thereby  enabling  its  E.M.F.  to  be  very  accurately 
measured,  whilst  entirely  eliminating  polarization  and  the  effect  of 
high  internal  resistance.  The  method  consists  in  measuring  the 
P.D.  at  the  terminals  of  a  known  standard  low  resistance,  through 
which  is  passed  a  known  measured  steady  current. 

Apparatus. — Two  high-resistance  boxes,  RaR.2  and  r,r2,  or,  in 
lieu  of  these,  a  fairly  high-resistance  potentiometer  arrangement,  or 
a  Thomson-Varley  slide  resistance  (p.  321)  ;  potentiometer  "  work- 
ing battery,"  V,  consisting  of  one  secondary  cell ;  sensitive  high- 
resistance  galvanometer,  G  \  two-way  spring  tapping-key,  K ; 
Clark's  standard  cell,  C,  to  be  tested ;  known  standard  low  resist- 
ance, R,  capable  of  carrying  i  amp.  without  sensible  heating 
(p.  311);  main  secondary  battery,  B  (p.  338)  ;  adjustable  resistance, 
r  (p.  307) ;  switch,  S;  Kelvin  standard  centi-ampere  balance,  A, 
or  other  standard  current  measurer  (p.  274) ;  mercury  switch,  m\ 
complete  "  Wheatstone  bridge  set,"  WB,  for  measuring  R  accurately. 

N.B. — Considerable  care  should  be  taken  that  all  contacts  are 
dean  and  good,  and  that  the  plugs  in  each  of  the  resistance  boxes 
belong  to  their  respective  boxes,  and  are  clean.  Also  that  the 
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connections  of  WB  and  ;;/  to  R  are  of  very  low  or  negligible 
resistance  compared  with  that  of  R. 

Observations. — (i)  Connect  up  as  in  Fig.  51,  and  adjust 
both  G  and  A  to  zero,  the  former  roughly,  and  the  latter  accurately, 
seeing  that  its  constant  is  so 
arranged  as  to  make  it  read  i  amp. 
for  a  full-scale  deflection. 

(2)  Make    PQ  =  QT  =  5000 
ohms,  say,  and  R  =  i  ohm,  and 
the  rheostat  r  a  maximum. 

(3)  With  K  and  S  open,  close 
;;/,   and    accurately    measure '  the 
value  of  R,  calling   it  R0;    then 
open   /;/,    leaving   the    WB   arms 
unaltered. 


FIG.  51. 


(4)  With  K  and  ;;/  open,  close  S,  and  adjust  the  current  to 
i  amp.  by  means  of  r^  and  great  care  must  be  taken  to  keep  it 
constant. 

(5)  In  manipulating  K,  tap  gently -,  and  only  for  an  instant  at 
first;  then  adjust  PQ  and  QT,  so  that  on  closing  Ki,  G  does  not 
deflect,  PT  still  being  maintained  at   10,000  ohms.     Note   the 
value  r^  of  QT. 

(6)  Adjust  PQ  and  QT,  so  that  on  closing  K.2,  G  does  not 
deflect,  with  PT  still  equalling  10,000  ohms,  and  note  the  value 
ra  of  QT. 

(7)  Repeat  (4)-(6)  for  currents  A  =  f ,    £,   and  \  amp.    re- 
spectively. 

(8)  Calculate  for  each  the  E.M.F.  of  the  standard  cell  C  from 

the  relation  Ec  =  — 1 .  AR  volts,  and  tabulate  as  follows  : — 


Standard  cell,        ;  No.        ;(PQ  +  QT)=        ohms  ;  E.M.F.,  V,  =      volts  approximately. 


Temperature  of 

Resistance  of  R 
when 

Reading  of  A. 

•V 

r*. 

vr&« 

Room. 

Cell,  C. 

Cold,  R0. 

Warm. 

Deflection. 

True  amp. 

Inferences.— Prove  the  relation  given  in  (8),  and  state  any 
assumptions  made  in  obtaining  it. 
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NOTES. — The  following  is  the  correction  for  variation  of  E.M.F. 

with  temperature  for  any  temperature  /°  C.  : — 

For  Board  of  Trade   or   ordinary   Clark's   cells,    E.M.F.  = 

1*434(1  —  o*ooo78(/°  —  15°)},  legal  volts. 

For  Carhart-Clark  cells,  E.M.F.  =  1*434(1  -0-00038^°-  15°)}, 

legal  volts. 

Corrections. — If  R  is  subject  to  heating,  its  resistance  when 

warm  must  be  obtained  and  used  in  finding  Ec.     To  do  this,  let 

the  current  used,  A,  flow  for  a  sufficient  time  to  allow  R  to  gain 
a  constant  temperature,  /„ ;  then  suddenly 
open  K  and  S,  and  close  m  quickly^ 
balancing  the  WB.  Note  the  resistance 
R/j  so  obtained,  and  the  number  of 
seconds  /j  after  tJie  "  break"  when  this 
balance  was  accomplished.  Repeat  this 
for  a  longer  and  shorter  time  if  possible. 
Then,  if  R^,  R/2,  .  .  .  are  the  resistances 

of  R  at  the  times  flt  4>  •  •  •  sees,  after  the  break,  the  resistance 

" warm"  at  the  instant  of  the  break  is  found  as  indicated   in 

Fig.  52,  and  is  equal  to  the  ordinate  NQ. 


64.  Effect  of  Size  and  Distance  between 
the  Plates  of  a  Cell  on  its  E.M.F. 
and  Internal  Resistance. 

Introduction. — Relative  measurements  of  different  E.M.F.'s 
may  be  made  by  employing  a  galvanometer  of  high  resistance 
compared  with  that  of  the  source  of  E.M.F.,  and  one  in  which 
the  scale  deflections  are  proportional  to  the  current-strengths,  as, 
for  instance,  in  a  tangent,  D'Arsonval,  or  mirror  galvanometer 
respectively.  .  Internal  resistance  may  be  conveniently  measured 
by  what  may  be  termed  the  "  fall  of  potential "  method  (vide 
p.  77),  using  such  a  galvanometer  as  the  above. 

Apparatus. — Reversing  switch,  Kj ;  high-resistance  galvano- 
meter, G ;  variable  known  resistance,  R ;  key,  K2 ;  cell,  B,  to  be 
tested,  consisting  of  a  Darnell's  cell,  so  arranged  that  the  plates 
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can  be  raised  or  lowered  in  the  liquid,  and  also  placed  at  various 
distances  apart  (vide  p.  339). 

Observations.  —  (i)  Adjust  the  galvanometer  needle  to  zero, 
and  place  the  plates  as  near  together  and  as  deep  in  their  liquids 
as  possible.  With  K2  unclosed  and  manipu- 
lating Klf  obtain  deflections  on  both  sides  of 
zero.  Denote  the  mean  of  these  two  by  d^ 

(2)  Repeat  (i)  with  two-thirds  and  one- 
third  of  the  plates  immersed   and   the  tips 
just  in  respectively. 

(3)  Separate  the  plates  to  one-third  of 
the  total  length  of  cell,  and  repeat  (i)  and  (2) 
for  this  new  position. 

(4)  Repeat  (3)  with  the  plates  two-thirds 
and  the  maximum  distance  apart. 

(5)  Adjust  R  to   such  a  value   that   on 
pressing  K2  an  appreciably  smaller  deflection 
is  obtained  on  G  than  hitherto.     Now  note 

the  mean  deflection  4  on  pressing  K2  for  each  of  the  positions  of 
the  plates  mentioned  in  (i)-(4). 

(6)  Calculate  the  internal  resistance  of  the  cell  for  each  position 
from  the  formula  — 


B  = 


R  ohms 


N.B.  —  If  a  tangent  galvanometer  is  being  used  for  G,  and  the 
deflections  are  in  degrees,  the  tangents  of  these  must  be  taken. 
Tabulate  as  follows  :  — 


Amount  of  plates 
immersed. 

Distance 
between  plates. 

E.M.F. 
(mean),  tt\* 

Potential 
difference 
(mean),  d^. 

R  ohms. 

B  ohms. 

Inferences. — Write  out  carefully  all  the  inferences  which  can 
be  drawn  from  the  above  experimental  results,  and  point  out  their 
bearing  on  the  construction  of  cells  intended  for  large  currents. 
Prove  the  formula  given  in  (6),  and  state  what  assumptions  are 
made  in  deducing  it. 
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65.  Determination  of  the  Relation  between 
E.M.F.  and  Temperature  of  a  Thermo= 
electric  Element. 

Introduction. — Whenever  contact  is  established  between 
two  dissimilar  metals,  an  electric  P.D.  is  set  up  between  their 
"free"  extremities.  Thus,  if  a  rod  of  some  metal,  such  as 
bismuth,  for  instance,  has  two  copper  wires  soldered  to  its  ends, 
which  are  at  different  temperatures,  a  P.D.  is  set  up  between  the 
free  ends  of  the  copper  wires,  which  will  produce  a  current  when- 
ever they  come  in  contact.  Such  an  arrangement  as  this  is  com- 
monly called  a  "  thermo-couple?  and  a  series  of  such,  in  which  the 
two  sets  of  alternate  junctions  are  at  different  temperatures,  con- 
stitutes a  "  thermo-pile?  The  magnitude  of  this  effect  depends 
on  the  difference  of  temperature  of  such  junctions,  and  the  present 
experiment  is  arranged  with  the  object  of  investigating  the  relation 
between  the  two, 

Apparatus. —  Thermo-couple  to  be  experimented  upon 
(p.  339) ;  sensitive  galvanometer  of  fairly  large  resistance  (p.  280) ; 
and  a  resistance  box. 

Observations. — (i)  Connect  this  apparatus  in  simple  series, 
and  adjust  the  galvanometer  to  zero. 

(2)  With  both  copper  cans  nearly  full  of  cold  water,  heat  up 
the  right-hand  one  to  boiling  point,  as  shown  by  its  thermometer, 
the  temperature  of  the  other  being  kept  at  that  of  the  cold  water, 
and  as  constant  as  possible. 

(3)  Adjust  the  resistance  so  as  to  obtain  a  full-scale  deflection 
on  the  galvanometer  when  the  water  in  the  right-hand  can  boils 
freely.     Note  this  deflection  </,  which  is  proportional  to  the  E.M.F. 
of  the  thermo-couple  and  the  temperatures  /x  of  the  hot  and  4  of 
the  cold  water. 

(4)  Remove   the   flame,  and   take   simultaneous   readings  of 
/i,  4)  and  d  every  5°  C.  down  to  the  lowest  temperature  obtainable, 
keeping  the  circuit  resistance  constant  all  the  time,  and  tabulate 
as  follows :  — 
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Thermocouple  tested,  ;  resistance,  h,  =          ohms  ;  galvanometer,  g,  =          ohms  ; 

box  resistance,  R,  =         ohms. 


Total  circuit 
resistance, 
J+^+R. 

E.M.F.  pro- 
portional to  d. 

/1°C. 

*2°C 

(*i  -  '2)°  C. 

Values  of 
d 

(t\  ~  *2) 

E.M.F.  of  couple 
in  micro-volts. 

NOTE. — The  water  in  each  can  should  be  stirred  frequently 
to  ensure  uniformity  of  temperature. 

(5)  From   the    total   circuit   resistance,  deflections,    and    the 
"  figure   of  merit "    (p.  28)   of    the   galvanometer,  calculate    the 
E.M.F.  of  the  thermo-couple  in  micro-volts. 

(6)  Plot  a  curve  having  values  of  d  or  E.M.F.  as  ordinates, 
and  values  of  (/x  -  /2)  as  abscissae. 

Inferences. — State  clearly  all  that  can  be  inferred  from  the 
results  of  your  observations.  Why  should  the  circuit  have  a  high 
resistance  preferably  ? 


66.   Preparation  of  the  Clark  Standard 

Cell. 

Definition  of  the  Cell. — The  cell  consists  of  zinc  and  mercury 
in  a  saturated  solution  of  zinc  sulphate  and  mercurous  sulphate 
in  water,  prepared  with  mercurous  sulphate  in  excess,  and  is 
conveniently  contained  in  a  cylindrical  glass  vessel. 

Preparation  of  Materials.  — The  Mercury. — To  secure  purity 
it  should  be  first  treated  with  acid  in  the  usual  way,  and  sub- 
sequently distilled  in  vacuum. 

The  Zinc. — Take  a  portion  of  a  rod  of  pure  zinc,  and  solder 
to  one  end  a  piece  of  copper  wire.  Clean  the  whole  with  glass 
paper,  carefully  removing  any  loose  pieces  of  zinc.  Just  before 
making  up  the  cell,  dip  the  zinc  into  dilute  sulphuric  acid,  wash 
with  distilled  water,  and  dry  with  a  clean  cloth  or  filter  paper. 

The  Zinc  Sulphate  Solution. — Prepare  a  saturated  solution  of 
pure  (recrystallized)  zinc  sulphate  by  mixing  in  a  flask  distilled 
water  with  nearly  twice  its  weight  of  crystals  of  pure  zinc  sulphate, 
and  adding  a  little  zinc  carbonate,  in  the  proportion  of  about 
2  per  cent,  by  weight  of  zinc  sulphate  crystals,  to  neutralize  any  free 
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acid.  The  whole  of  the  crystals  should  be  dissolved  with  the  aid 
of  gentle  heat,  i.e.  not  greater  than  30°  C.,  and  the  solution  filtered 
while  still  warm  into  a  stock  bottle.  Crystals  should  form  as 
it  cools. 

The  Mercurous  Sulphate. — Take  mercurous  sulphate  sold  as 
pure,  which  is  white,  and  wash  it  thoroughly  with  cold  distilled 
water  by  agitation  in  a  flask ;  drain  off  the  water,  and  repeat  the 
process  at  least  twice,  but  after  the  last  washing,  drain  off  as  much 
water  as  possible.  Mix  the  washed  sulphate,  in  the  proportion  of 
about  12  per  cent,  by  weight  of  ZnSO4,  crystals  with  the  zinc 
sulphate  solution,  adding  sufficient  crystals  of  zinc  sulphate  from 
the  stock  bottle  to  ensure  saturation,  and  a  small  quantity  of  pure 
mercury.  Shake  them  well  up  together  to  form  a  paste  of  the 
consistency  of  cream.  Heat  the  paste  sufficiently  to  dissolve  the 
crystals,  but  not  above  30°  C.  Keep  the  paste  for  i  hour  at  this 
temperature,  agitating  it  from  time  to  time,  and  then  allow  it  to 
cool. 

Crystals  of  zinc  sulphate  should  then  be  distinctly  visible 
throughout  the  mass.  If  this  is  not  the  case,  add  more  crystals 
from  the  stock  bottle,  and  repeat  the  process.  This  method 
ensures  the  formation  of  a  saturated  solution  of  zinc  and  mercurous 
sulphates  in  water.  The  presence  of  the  free  mercury  throughout 
the  paste  preserves  the  basicity  of  the  salt,  and  is  of  the  utmost 
importance.  Contact  is  made  with  the  mercury  by  means  of  a 
platinum  wire  about  No.  22  B.W.G.,  which  is  prevented  making 
contact  with  the  other  materials  of  the  cell  by  being  sealed  into 
a  glass  tube,  the  ends  of  the  wire  projecting  beyond  those  of  the 
tube.  'One  end  forms  the  terminal ;  the  other  end,  and  part  of 
the  glass  tube,  dip  into  the  mercury. 

To  set  up  the  Cell. — The  cell  may  be  conveniently  set  up 
in  a  small  test  tube  of  about  2  cms.  in  diameter  and  6  or  7  cms. 
deep. 

Place  the  mercury  in  the  bottom  of  this  tube,  filling  it  to  a 
depth  of  say  1*5  cms. 

Cut  a  cork  about  0*5  cm.  thick  to  fit  the  tube.  At  one  side  of 
the  cork  bore  a  hole  through  which  the  zinc  rod  can  pass  tightly ; 
at  the  other  side  bore  another  hole  for  the  glass  tube  which 
covers  the  platinum.  At  the  edge  of  the  cork  cut  a  nick  through 
which  the  air  can  pass  when  the  cork  is  pushed  into  the  tube. 
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Pass  the  zinc  rod  about  i  cm.  through  the  cork.  Carefully 
clean  the  glass  tube  and  platinum  wire,  then  heat  the  exposed 
end  of  the  wire  red  hot,  and  insert  it  in  the  mercury  in  the  test 
tube,  taking  care  that  the  whole  of  the  exposed  platinum  is 
covered. 

Shake  up  the  paste,  and  introduce  it  without  contact  with  the 
upper  part  of  the  sides  of  the  test  tube,  filling  the  tube  above  the 
mercury  to  a  depth  of  rather  more  than  2  cms. 

Now  insert  the  cork  and  zinc  rod,  allowing  the  glass  tube  to 
pass  through  the  hole  in  the  cork  made  for  it. 

Push  the  cork  gently  down  until  its  lower  surface  is  nearly 
in  contact  with  the  liquid.  The  air  will  thus  be  nearly  all  ex- 
pelled, and  the  cell  should  be  left  in  this  condition  for  at  least 
24  hours  before  sealing,  which  should  be  done  in  the  following 
way : — 

Melt  some  marine  glue  until  it  is  fluid  enough  to  pour  by  its 
own  weight  into  the  test  tube  above  the  cork,  using  enough  to 
cover  completely  the  zinc  and  soldering.  The  glass  tube  should 
project  above  the  top  of  the  marine  glue. 

The  cell  thus  set  up  may  be  mounted  in  any  desirable  way  ; 
do  it  so  that  the  cell  is  immersed  in  a  water-bath  up  to  the  level 
say  of  the  upper  surface  of  the  cork.  Its  temperature  can  then 
be  determined  more  accurately  than  is  possible  when  the  cell  is 
in  air. 


67.   Action  of  Shunts  on   Galvanometer 
Deflections. 

Introduction.- — It  is  often  the  case  that  a  certain  galvanometer 
G,  which  is  the  most  suitable  one  to  use,  happens  to  be  too 
sensitive,  and  that  the  current  which  it  is  desired  to  measure 
produces  a  deflection  quite  oif  the  scale.  If  the  galvanometer  is 
of  the  suspended  needle  type  its  sensibility  might  perhaps  be 
sufficiently  reduced  by  bringing  the  controlling  magnet  close  to  the 
needle.  The  best  method,  however,  is  to  connect  the  galvanometer 
terminals  by  a  suitable  resistance,  which  allows  a  certain  fraction 
only  of  the  main  current  to  go  through  G,  the  rest  through  the 
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"  by-pass "  or  "  shunt "  circuit,  as  it  is  called.  It  is  sometimes 
the  case  that  the  insertion  of  a  shunt  so  reduces  the  resistance 
between  the  terminals  of  G,  and  therefore  that  of  the  circuit,  that 
no  effect  is  produced  on  the  deflection  owing  to  increase  of  total 
current.  Thus  the  precise  action  of  shunts  on  galvanometer 
deflections  for  different  conditions  of  the  circuit  is  a  most 
important  matter.  The  more  elaborate  forms  of  galvanometers 
are  provided  with  shunt  boxes  fitted  usually  with  three  resistances 
respectively,  ±,  -£$,  and  —9,  that  of  G  thus  making  it  possible  to 
send  only  y^-,  y^-,  and  Y&O  o"  °f  tne  total  current  through  G  re- 
spectively. If  s  =  the  resistance  of  the  shunt,  and  g  that  of  the 

j-    _j_    cr 

galvanometer,  then         -  is  called  the  "  multiplying  power  "  of  the 

shunt,  and  is  the  amount  by  which  the  galvanometer  current  must 
be  multiplied  in  order  to  obtain  the  total  current  in  the  main 
circuit. 

Apparatus. — Galvanometer,  G ;  resistance  box,  R  ;  battery, 
B,  of  one  or  more  cells ;  key,  K ;  resistance  box,  S,  for  use  as 
a  shunt ;  plug  or  other  similar  key,  Ka.  . 

Observations. — (i)  Connect  up  as  indicated  in  Fig.  54,  and 
adjust  the  galvanometer  needle  to 
zero,  using  one  cell. 

(2)  With  K!  open,  close  K,  and 
adjust  R  to  as  high  a  value  as  pos- 
sible, preferably  not  less  than  say  a 
hundred  times  the  galvanometer  re- 
sistance g,  so  as  to  get  nearly  a  steady 
full-scale  deflection  d.    Note  this  and 

FIG.  54.  the  value  of  R' 

(3)  Close  K  and  K1}  and  adjust 

S,  keeping  R  as  before,  so  as  to  obtain  about  ~  d  less  deflection 
than  before.  Note  this  ^  and  the  value  of  S. 

(4)  Repeat  (3)  for  about  ten  different  deflections,  decreasing 
by  about  equal  amounts  by  altering  S,  keeping  R  constant,  and 

show  that  the  relation  —  = holds  for  each,  -    —  --  being:  used 

d       s+g  tan  d 

in  the  case  of  a  tangent  galvanometer. 

(5)  Repeat  (2)-(4)   for   two   cells,  reproducing   the   original 
deflection  d,  and  tabulate  as  follows : — 
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Galvanometer  resistance,  £•,  — 


ohms. 


Number 
of  cells 
used. 

Resistance, 
R. 

Total  circuit 
resistance, 

Shunt,  s. 

Deflections. 

*, 

s 

Unshunted, 
d. 

Shunted, 

d 

s  +  g 

(6)  Plot  curves  having  values  of  s  as  abscissas,  and  currents 
dl  through  G  as  ordinates. 

Inferences. — Prove  the  relation  given  in  (4),  and  state  what 
assumptions  are  made  in  obtaining  it.  What  inferences  can  you 

deduce  from  the  results  of  your  experiments  ?     Prove  that 
=  resistance  of  the  shunted  galvanometer. 


68.  Relation  between  the  Current  in  a 
Shunted  Galvanometer  and  the  Total 
Current  in  the  Main  Circuit. 

Introduction.  —  When  the  resistance  of  a  galvanometer  is 
small  compared  with  that  of  the  rest  of  the  circuit,  any  alteration 
in  its  effective  resistance  will  practically  not  alter  appreciably  the 
total  circuit  resistance,  and  consequently  the  current.  Now,  we 
have  seen  that  the  effective  resistance  between  the  galvanometer 

SP* 

terminals  is  reduced  from  g  to  -     -  on  shunting  it  with  a  shunt  s, 
and  therefore  if  the  diminution  of  this  resistance,  viz.  g  — 


CO" 


is  at  all  comparable  with  the  resistance  of  the  rest  of  the  circuit, 
the  total  circuit  resistance,  and  hence  the  total  current,  will  be 
considerably  altered  (increased).  The  object  therefore  of  the 
following  experiment  is  to  see  what  effect  such  an  increase  of  total 
current  has  on  the  galvanometer  current,  and  the  deflection  it 
produces,  and  the  conditions  under  which  this  effect  takes  place. 
It  will  be  obvious  at  first  sight  that  the  question  is  one  of  great 
practical  importance. 

Apparatus.  —  Precisely  that  mentioned  in  the  preceding  test, 
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with   the   addition   of  another  galvanometer,   Gm,  for  the  main 
circuit. 

Observations. — (i)  Connect  up  as  in  Fig.  54,  placing  Gm  in 
the  main  circuit,  and  adjust  both  galvanometers  to  zero,  using  one 
or  more  cells  of  fairly  constant  E.M.F. 

(2)  With  K!  open,  adjust  the  battery  E.M.F.  and  R  (which 
should  preferably  not  be  more  than  two  or  three  times  g)  so  as  to 
obtain  about  a  half-scale  deflection,  dm,  on  the  main  galvanometer 
Gm.     Note  this,  and  also  the  value  of  R,  and  the  deflection  d  on 
the  other  galvanometer  G. 

(3)  Close  K!  and  K,  and,  with  R  as  before,  adjust  S  to  about 
double  the  resistance  of  G.    Note  the  deflection  d^  of  G  and  dm  of 
Gm  and  S. 

(4)  If  the  deflection  dm  has  altered,  adjust  R  only,  so  as  to 
reproduce  the  first  deflection  obtained  in  (2)  above,  and  note  the 
value  Rj  required  to  do  this.     Then  reduce  the  resistance  again 
to  its  original  value,  as  in  (2)  above. 

(5)  Repeat  (3)  and  (4)  for  about  ten  different  values  of  j, 
decreasing  by  about  equal  amounts  to  say  one-tenth  of  the  value 
of  the  galvanometer  resistances  G. 

Tabulate  your  results  as  follows  : — 

Galvanometer  resistance,  g,  =  ohms. 


Resistances. 

Shunt, 
s. 

Deflections. 

rfl 

~d 

s 

^+1- 

4?* 

R. 

RI. 

R!-R. 

Total 
RTin 
circuit. 

Unshunted, 
d. 

Shunted, 
rfl. 

Main, 
rfm- 

(6)  Plot    the  following   curves,    one   having   values    of  s   as 
abscissae  and  currents  ^  through  G  as  ordinates,  the  other  with  d 

sdm 
as  ordinates  and  —      -  as  abscissae. 

J  +<? 

Inferences. — State  concisely  all  that  can  be  inferred  from 
your  experimental  results. 
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69,  Determination  of  the  Apparent  Increase 
of  Resistance  of  a  Ballistic  Galvano- 
meter when  Shunted. 

Introduction. — When  a  steady  current  flows  through  a  galva- 
nometer  it   obeys  Ohm's  law,  or,  in    other  words,  is   inversely 
proportional  to  the  ohmic  resistance  G  of  the  instrument.     If, 
however,  the  current  is  varying  from  instant  to  instant,  the  above 
proportion  no  longer  holds,  for  two  reasons — (i)  the  coils  of  the 
galvanometer   being   necessarily  wound  inductively  possess  self- 
induction  (vide  p.  193),  which,  to  a  varying  current,  sets  up  a  back 
E.M.F.,  opposing  the  passage  of  the  current,  and  consequently 
introducing  an  apparent  extra  resistance  in  the  galvanometer,  in 
addition  to  that  which  the  coils  have  for  steady  currents ;  (2)  by 
Lenz's  law  the  motion  of  the  galvanometer  needle  will  in  itself 
produce  a  back  E.M.F.  in  the  coils,  tending  to  stop  the  flow  of 
current,  and  hence  introducing  an  apparent  extra  resistance  on 
this   account.     Thus,  in  the  case  of  a  varying  current  flowing 
through  a  galvanometer  whose  controlling  magnet  is  fixed,  the 
actual  resistance  offered  by  the  instrument  to  the  current  is  greater 
than  it  would  be  for  a  steady  current  by  an  amount  due  to  the 
above  two  causes.     We  can  therefore  at  once  see  that  if  the  gaiva- 

S  -4-  f 
nometer  is  shunted  by  a  shunt  of  resistance  S,  the  fraction  — - — , 

o 

which  is  the  "  multiplying  power "  of  the  shunt  when  a  steady 

(current  flows,  is  not  the  true  "  multiplying  power  "  for  a  varying 
current  such  as  would  be  obtained  in  a  ballistic  galvanometer 
when  a  discharge  passes  through  it.  The  correction  to  be  applied 
is  the  apparent  extra  resistance,  which  we  may  call  KR,  due  to  both 
of  the  above  causes,  and  which  is  added  to  the  ohmic  or  ordinary 
galvanometer  resistance.  For  any  particular  galvanometer,  with 
its  control  definitely  adjusted,  the  resistance  in  ohms  of  KR  has  a 
definite  value,  and  the  '"''true  multiplying  power"  of  the  shunt  S 

O     i     r*      i     ~rr 

used  with  the  ballistic  galvanometer  =  -  —  •,    The  object 

o 

of  the  present  test  is  to  determine  the  value  of  KE,  which  may 
easily  be  done  experimentally. 
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Apparatus.—  Galvanometer,  G,  to  be  tested;  shunt  resistances, 
S  ;  condenser,  C,  of  known  variable  capacity  (p.  354)  ;  one  two-way 
and  one  single-way  spring  tapping-key,  K  and  Kx  respectively; 
battery,  B,  of  fairly  constant  E.M.F.  cells;  two  adjustable  known 

resistances,  rlt  r.2,  or  a  potentiometer 
arrangement. 

Observations.  —  (i)  Connect  up 
as  in  Fig.  55,  and  adjust  the  galvano- 
meter G  to  zero. 

(2)  Adjust  C  and  the  total  resist- 
ance AD  =  r.2  and  the  fractional  re- 
sistance 1\  to  some  convenient  values 
such  that,  on  pressing  Ki  with  Kx  open 
so  as  to  charge  C  through  the  unshunted 
is  obtained  on  G.  Note 


FIG.  55. 


galvanometer,  a  convenient  first  throw 
the  values  of  C,  rlt  and  r.2. 

(3)  Completely  discharge  C  by  short-circuiting  it,  and  adjust  S 
to  some  suitable  value  such  that,  on  pressing  K2  with  K!  closed 
so  as  to  charge  C  through  the  shunted  galvanometer,  a  convenient 
first  throw  dz  is  obtained.      Note  the  value  of  S  (C,  rlt  and  r.2 
remaining  unaltered). 

(4)  Repeat  (2)  and  (3)  for  about  six  different  values  of  C, 
keeping  the  same  values  of  S,  rlt  and  ;  -2. 

(5)  Repeat  (2)  and  (3)  for  about  six  different  values  of  S, 
keeping  C,  rlt  and  r.2  unaltered. 

NOTE.  —  C  must  carefully  be  discharged  before  each  separate 
charge. 

(6)  Calculate  the  constant  KR  as  previously  mentioned  from 
the  relation  — 


and  tabulate  your  results  as  follows  :  — 


Ballistic  galvanometer  tested,         ;  ohmic  resistance,  G,  =         ohms. 

Capacity,  C, 
for  reference  only. 

Shunt,  S. 

First  throws. 

Resistances. 

K, 

Mean, 

K 

ft. 

d.. 

'•i. 

**. 

G   * 
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N.B. — The  test  will  be  most  accurate  when  S  is  so  adjusted  as 
to  make  dz  =  d^ 

Inferences. — What  can  be  inferred  from  your  experimental 
results  ?  Prove  the  relation  given  in  (6),  and  state  any  assump- 
tions made  in  obtaining  it. 


70.  Determination  of  the  "Constant"  of  a 
Tangent  Galvanometer  (by  Calculation 
and  Experiment). 

Introduction. — The  construction  of  two  well-known  types  of 
tangent  galvanometers  is  given  on  p.  267,  et  seq.,  and  we  may  here 
consider  their  theory  more  in  detail  with  advantage.  First  take 
the  case  of  a  single  coil  or  the  ordinary  form  of  this  galvanometer. 
If  the  breadth  and  depth  of  the  section  of  the  coil  be  small 
compared  with  its  diameter,  a  current  passing  through  it  produces 
a  magnetic  field,  which  is  accurately  calculable  at  the  centre,  and 
which  is  uniform  throughout  a  considerable  space  in  the  neigh- 
bourhood. 

If  A  =  current  in  absolute  C.G.S.  units  flowing  through  it, 
;/  =  number  of  turns  on  the  coil,  and  r  its  mean  radius,  then  the 
field  F  at  the  centre  acting  perpendicular  to  the  plane  of  the  coil 

.  27T//A. 

is  F  =  -    — • 
r 

But  the  needle  will  be  deflected  from  its  position  of  rest  in  the 
magnetic  meridian,  with  its  axis  in  the  plane  of  the  coil,  through 
an  angle  0°  such  that  F  =  H  tan  0  when  it  comes  to  a  state 
of  equilibrium. 

27T//A 

Hence  —  ---  =  H  tan  0 

:.  A  =  —  tan  0  =  **  tan  0  =•-  K  tan  0 

2TTH  G 


G,  which  =.— ,  is  called  the  "  ttue  constant"  of  the  galva- 

TT 

nometer  :  and  K,  which  =  — ,  is  called  the  "  working  constant "  or 
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" rediiction  factor"  H  being  equal  to  the  horizontal  intensity  of 
the  earth's  magnetic  field,  and  is  a  constant  for  a  given  locality. 

In  the  above  it  is  assumed  that  (i)  the  earth's  field  H  is  the 
only  controlling  force  acting  on  the  needle,  and  therefore  that 
there  is  no  friction  in  the  pivots  or  suspension;  (2)  the  needle 
is  so  short  that  its  poles  never  move  out  of  the  uniform  field  at 
the  centre  of  the  coil. 

Since  10  amps.  =  i  absolute  C.G.S.  unit  of  current,  we   have 

TT 

from  the  above  that  A  =  10  —  tan  0°  amps. 

(jr 

Now  let  us  consider  the  double-coil  form  of  tangent  galva- 
nometer known  as  the  Helmholtz  pattern,  and  described  on  p.  269. 

This  is  intended  as  a  standard  for 
measuring  currents  absolutely  as  well 
as  relatively.  Owing  to  the  peculiar 
form  of  construction  the  field  at  and 
about  the  point  O,  at  which  the  needle 
ns  is  pivoted,  due  to  the  current  in 
the  two  parallel  coils,  is  very  uniform, 
enabling  a  longer  needle  to  be  used. 
Suppose  the  circles  to  represent  turns 
of  wire  on  the  coil,  part  of  one  only  of 
FlG-  56  which  is  shown  in  Fig.  56.  Consider 

first  the  action  of  a  circular  current  on  the  needle  or  a  pole  at  O 
in  the  axis  of  the  coil,  but  not  at  its  centre.     An  element  ds  of 

current  of  strength  A  produces  at  the  point  O  a  force  /  =  — ^— 
perpendicular  to  OB,  where  m  =  strength  of  the  pole  at  O. 

The  resolved  component  of )       mhds  mKds  . 

.u.    f          ,  .      /  =  -     -  cos  0  =  —    -  sm  <£ 

this  force  along  the  axis    j          r2 

_mAJs     R 

^-'J  ^* 

.*.  the  resolved  component  due )       ;;*A27rR2 
to  a  single  current  turn       i  "~         ?-3 

And  if  n  =  number  of  turns  on  the  two  coils  together,  or  ~  on 

A  T*   O 

each,  then  this  resolved  force  = 
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But  in  a  Helmholtz  galvanometer  R  =  20.  and  r2  =  R2  -f  a2 
=  f  R2 ;  therefore  the  total  force  acting  on  the  needle  at  O  is — 


— •**.*..  j.^  .  8 i67r     inn 

5'2R3  55 

'Now,  when  the  needle  is  deflected  through  an  angle  <£  from  its 
zero  position  in  the  magnetic  meridian,  and  with  its  axis  parallel 
to  the  planes  of  the  two  coils,  this  total  force  balances  that  due 
to  the  horizontal  force  H  of  the  earth,  or  we  have  two  balancing 
couples  due  to  these  two  forces. 

TT  .   .  1677   inn 

Hence  mtii  sin  </>  =  t/  cos  </>  =  — - .  — A/  cos  </> 

5!      R 

H  FT 

hence  A  =  — -  tan  </>  =  ^  tan  <f>  =  K  tan  <£ 


8       27TH  2irn 

where  G  now  =  - -     —  =  07135  — 
55      -K  K 

In  other  words,  the  field  intensity  is  only  07135  of  what  it 
would  be  if  the  needle  were  in  the  centre  of  the  n  turns,  all  on 
one  bobbin  of  radius  R. 


71.  Calibration  of  a  Galvanometer  by  Com= 
parison  with  a  Mixed  Qas  Voltameter. 

Introduction. — The  following  method  is  convenient  for 
determining  the  relation  between  the  current  and  corresponding 
amount  of  chemical  decomposition  produced  per  second,  also  the 
"  constant  "  of  a  tangent  galvanometer,  which  may  be  defined  as 
the  number  by  which  to  multiply  the  tangent  of  the  angle  of 
deflection,  in  order  to  obtain  the  current  in  amperes  flowing 
through  the  instrument.  One  ampere  flowing  through  a  solution 
of  sulphuric  acid  and  water  (i  to  10  say  by  volume)  is  found  to 
liberate  0*1738  c.c.  of  mixed  gas  per  second  at  o°  C.  and  760  mm. 
pressure ;  hence  the  current  that  liberates  any  other  volume  per 
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second  can  at  once  be  found.  When  the  stop-cock  of  the  volta- 
meter is  closed,  the  gas  produced  by  the  current  cannot  escape  ; 
the  pressure  inside  therefore  becomes  greater  than  that  of  the 
atmosphere,  and  the  liquid  is  forced  up  the  other  tube,  to  which 
a  bulb  and  thistle  funnel  is  attached.  The  rate  at  which  the 
liquid  rises  in  this  tube  is  a  measure  of  the  amount  of  gas  evolved 
per  second.  Opening  the  cock  allows  the  gas  to  escape  and  the 
liquid  to  run  out  of  the  tube  and  bulb.  Care  must  be  taken  that 
the  liquid  does  not  accumulate  in  the  thistle  funnel  and  overflow, 
also  that  the  current  in  the  connecting  wires  do  not  affect  the 
galvanometer  needle.  The  volume  of  the  bulb  and  tube  between 
the  two  scratches  =  17*38  c.c. 

Apparatus. — Tangent  galvanometer,  G;  mixed  gas  volta- 
meter, V  (p.  332);  switch,  S;  variable  carbon  resistance,  R; 
battery  of  secondary  cells,  B  (p.  338). 

Observations. — (i)  Connect  up  as  indicated  in  Fig.  57,  and 
adjust  the  galvanometer  needle  to  zero 
by  slightly  turning  the  instrument. 

(2)  Send     a     convenient     current 
through  the  apparatus  by  closing  S  and 
suitably  adjusting  R.     Open  the  stop- 
cock, and  allow  the  liquid  to  become 
thoroughly  saturated  with  gas. 

(3)  Now  adjust  R  so  as  to  get  a 
deflection  of  10°  on  the  galvanometer 

scale,  which  must  be  kept  constant ;  then  close  the  cock,  and  note 
the  exact  number  of  seconds  /  taken  by  the  liquid  in  rising  from 
the  bottom  to  the  top  scratch,  also  the  deflection  d°  on  the 
galvanometer. 

(4)  Repeat  (3)  about  three  times  with  the  same  deflection,  and 
take  the  mean  as  being  the  more  accurate  result. 

(5)  Repeat  (3)  and  (4)  every  10°  up  to  about  70°,  and  calculate 
for  each  current  the  value  of  the  galvanometer   "  constant "    K 
from  the  formula  A  =  K  tan  d°,  where  A  =  current  in  amperes 

TT 

producing    the    deflection    d°,    and    from    the   formula    K  =  — , 

G 

where  G  is  the  "true"  galvanometer  constant,  as  mentioned 
previously,  and  H  =  the  earth's  horizontal  intensity.  Tabulate 
as  follows : — 
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Vol.  of  gas 

Current 

Galv. 

Galv. 

Galv.  deflec- 

Time rise  of 

per  sec., 

in  amps., 

constant, 

constant, 

tion,  (P. 

taner. 

liquid,  ^  sees. 

V  —  17'3% 

A-      V 

K          A 

H 

i 

0*1738 

K  -  tan  d° 

~G 

(6)  Plot  two  curves  on  the  same  curve  sheet  having  values 
of  V  and  A  as  abscissae  respectively,  and  tan  d°  as  ordinates  in 
each  case. 

Inferences. — State  clearly  all  the  inferences  which  can  be 
drawn  from  the  results  of  the  above  experiment,  and  also  any 
corrections  and  precautions  to  be  used,  in  order  to  determine  the 
current  in  amperes  accurately. 


72,  Standardization  of  Current  Measuring 
Instruments  (Silver  Voltameter  Method). 

Introduction. — This  method  is  one  of  the  most  accurate  for 
calibrating  or  standardizing  instruments  for  measuring  current 
strength.  It  depends  on  the  well-known  principle  that  when  a 
current  of  electricity  flows  through  an  electrolyte  the  amount  of 
decomposition  resulting  in  a  given  time  T  is  directly  proportional 
to  the  total  quantity  of  electricity  Q  which  has  passed  in  that 

time,  or  if  A  =  the  current  flowing  during  a  very  small  interval 

/•T 

of   time    dt,  then    Q  =  I  Kdt;  and  if  A  is  constant  throughout, 
/  o 

then — 


Q  =  A  f<//  = 


AT  coulombs 


We  therefore  see  that  unit  quantity  (i  coulomb)  of  electricity 
is  given  by  unit  current  (i  amp.)  in  unit  time  (i  sec.).  Now, 
for  any  particular  substance  i  coulomb  will  always  decompose  or 
liberate  at  the  cathode  the  same  fixed  weight  of  the  substance, 
which  is  usually  termed  its  " electro-chemical  equivalent"  and 
denoted  by  Z. 

In  other  words,  Z  =  number  of  grams  of  the  substance 
deposited  by  i  coulomb.  The  value  of  Z  in  the  case  of  silver 
has  been  very  carefully  determined  to  be  0-00111815,  and  in 
terms  of  this  the  value  of  Z  for  all  other  substances  can  be 
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calculated  as  follows  :  Let  the  atomic  weight  of  the  substance  be 
Aw,  and  its  valency  be  V. 

Aw 

Then  its  "  cfomtcal  equivalent"  Ce  =  — 

For  silver  C€  =  -°8  =  108 
i 

Therefore  for  any  other  substance  Z  =  °'001Il8l5Aw 

108  .V 

Now,  a  voltameter  measures  the  quantity  I  A<#,  i.e.  Q,  by  the 

amount  of  chemical  decomposition  which  occurs.  Hence,  know- 
ing this,  and  the  time  T  in  seconds  for  which  the  action  lasts,  we 
see  that  the  current,  if  constant,  is  given  by  the  relation  — 


. 

T      TZ 

where  W  =  number  of  grams  deposited. 

The  silver  voltameter,  by  means  of  which  we  can  obtain  W, 
and  hence  A,  is  shown  in  Fig.  195  (p.  333),  where  it  is  described. 
It  may  be  again  repeated  that  the  maximum  current  which  may 
be  used  so  as  to  get  a  good  adherent  and  finely  crystalline  deposit 
in  any  platinum  dish  is  approximate  to  i  amp.  per  6  sq.  ins.  of 
surface.  Also  with  a  bowl  about  3  ins.  in  diameter  and  i-|  ins. 
deep,  a  1  5  per  cent,  pure  silver  nitrate  solution  may  be  used  for 
i  amp.  for  an  hour,  and  a  30  per  cent,  solution  for  2  amps,  for 
15  minutes.  The  density  must  be  increased  for  increase  of  current. 
Apparatus.  —  Silver  voltameter,  V  •  secondary  battery,  B 
(p.  338);  carbon  rheostat,  R;  current  measuring  instrument,  A, 
to  be  standardized  ;  two-way  switch,  S  ; 
drying  cupboard  or  desiccator  and  spirit 
lamp. 

Observations.  —  (i)  Connect  up  as 
in  Fig.  58,  and  carefully  clean  the  plati- 
num dish  by  first  treating  with  nitric 
acid  to  remove  any  silver,  then  wash  with 
distilled  water  to  remove  acid,  and  either 
place  in  a  drying  cupboard  or  over  a  spirit  flame.  Lastly,  allow 
it  to  cool  in  the  desiccator.  When  cold,  measure  its  weight  Wj 
grms.  very  accurately  on  a  chemical  balance. 


FIG.  58. 
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(2)  Place  the  bowl  on  its  ring,  and  fix  a  good  filter-paper  round 
the  silver  disc  so  as  to  prevent  any  impurities  being  deposited  on 
the  bowl.     Then  clamp  the  disc  in  position  so  that  its  edges  are 
equally  distant  from  the  sides  and  bottom  of  the  bowl.     Now 
pour  in  the  neutral  solution  of  pure  silver  nitrate  to  within  about 
^r  in.  of  the  brim. 

(3)  Adjust  A  to  zero,  and  switch  S  to  i,  altering  R  so  as  to 
obtain  the  desired  value  of  current. 

(4)  At  a  known  noted  instant  switch  S  to  2,  and  very  quickly 
readjust  R  so  as  to  get  the  desired  current.     Keep  this  constant 
for  30  minutes,  say,  and  switch  off,  having  noted  the  temperature 
of  the  bath. 

(5)  Empty  the  solution  from  the  dish  into  the  stock  bottle, 
and  carefully  wash  the  deposited  silver  with  distilled  water.     Fill 
the  dish  with  it,  and  allow  it  to  stand  about  15  minutes.     Now 
rinse  it  out  with  the  water,  and   lastly  with   alcohol,  then   dry 
over  the  spirit  flame  and  cool  in  desiccator. 

(6)  When  cold,  accurately  determine  the  weight  W2  of  the  dish, 
and  calculate  the  current  in  amperes  from  the  relation  — 


where  /  =  number  of  seconds  for  which  the  current  flowed. 

(7)  Repeat  (i)-(6)  for  another  widely  different  current  strength, 
and  tabulate  as  follows  :  — 


Area  of 
cathode 
msq. 
cms. 
per 
ampere. 

Weight  of  bowl. 

Deposit, 
Wz-Wj 
grms. 

Time  in 
sees.,  /. 

Tempera- 
ture of 
bath. 

Read- 
ing 
on  A. 

True  current, 

A_w2-wa 

Ze 

Per  cent, 
error  of 
standard. 

Before, 
Wj  grms. 

After, 
Wg  grms. 

73.  Determination  of  the  "Constant"  of  a 
Galvanometer  or  Ammeter  by  means 
of  a  Copper  Voltameter. 

Introduction. — From  the  results  of  a  large  number  of  tests  it 
has  been  found  that,  using  the  necessary  precautions,  the  constant 
of  an  electric  current  instrument  can  be  obtained  with  certainty  to 
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within  y1^  per  cent,  of  absolute  accuracy  by  the  electrolysis  of 
copper.  The  voltameter  V  should  consist  of  three  or  more  pure 
copper  plates  dipping  into  a  saturated  solution  of  copper  sulphate 
contained  in  a  suitable  glass  or  earthenware  vessel,  there  being 
one  more  "  anode "  than  "  cathode,"  and  the  two  sets  arranged 
alternately  with  an  anode  at  each  end.  The  plates  should  be  as 
square  as  possible,  and  placed  from  \  to  f  in.  apart ;  if  too  close, 
polarization  will  take  place  when  strong  currents  are  used,  and  the 
current  density  (reckoned  in  amperes  per  square  centimetre)  is  too 
great.  There  should  not  be  less  than  30  sq.  cms.  per  ampere  ;  if 
there  is,  the  plate  surface  will  be  too  small,  and  the  deposit  on  the 
cathode  irregular,  some  of  it  falling  to  the  bottom  of  the  vessel.  The 
resistance  of  V  will  also  become  high  and  variable,  due  to  formation 
of  copper  oxide,  and  give,  trouble  in  keeping  the  current  constant. 
The  solution  should  be  a  saturated  one  (sp.  gr.  1*211)  of  pure 
copper  sulphate  crystals  and  distilled  water,  with  i  per  cent,  by 
volume  of  strong  sulphuric  acid  added,  which  is  necessary  to 
ensure  success.  The  volume  of  solution  should  be  about  uoo  c.c. 
per  ampere.  The  anodes  may  be  made  of  about  No.  18  S.W.G., 
and  the  cathodes  or  gain  plates  of  No.  30  S.W.G.  pure  copper,  all 
edges  and  corners  being  smooth  and  rounded.  The  electro- 
chemical equivalent  Z  of  any  substance,  in  this  case  copper, 
equals  the  number  of  grams  deposited  by  i  coulomb. 

TABLE  IV. 


Cathode  area 
in  sq.  cms. 

Values  of  Z  for  copper. 

per  ampere. 

2°   C.                 1                12°    C. 

23°c. 

50 

0-0003288 

©•0003287 

o  0003286 

100 

88 

84 

83 

150 

87 

81 

80 

200 

85 

79 

77 

250 

83 

78 

75 

300 

82 

78 

72 

i 

Apparatus. — Voltameter,  V  (p.  333) ;  rheostat,  R  (p.  308) ; 
switch,  S ;  ammeter,  A,  to  be  standardized  ;  secondary  battery,  B  ; 
drying  cupboard,  D  ;  acid  bath. 

Observations. — (i)  Connect  up  as  indicated  in  Fig.  59,  and 
adjust  A  to  zero.  Light  the  gas-jet  under  the  steam  boiler  of  D, 
after  seeing  that  the  latter  contains  enough  water. 
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(2)  Determine  the  necessary  area  of  cathode,  and  hence  the 
number  of  gain  plates  required  for  the  current  to  be  used,  reckon- 
ing both  sides  in  contact  with   liquid  as  the  effective   area   of 
cathode. 

(3)  Carefully  clean  the  cathodes   all   over   with   fine   emery 
cloth  until  quite  bright,  then  dust  with  a  dry 

dtan  cloth,  and  do  not  touch  the  part  to  be 
immersed  ivith  the  fingers.  Clean  the  anodes 
if  they  look  dirty. 

(4)  Carefully  weigh  the  gain  plates  on  a 
chemical  balance  to    i    milligram,  and  note 
their  weights  Wj  grms. 

(5)  Insert  the   same  area  of  trial   plate 
to  act  as  cathode,  so  as  to  adjust  the  cur- 
rent  to   the   value    required ;    then   remove 

them,  making  sure  that  the  positive  of  battery  is  joined  to  anode. 

(6)  Insert  the  weighed  gain  plates,  and  at  a  convenient  and 
noted  instant  of  time  switch  on,  quickly  adjusting  the  current  to 
its  proper  value. 

(7)  Keep  it  flowing  for  at  least  30  minutes,  and  maintain  it 
constant  all  the  time  by  altering  R,  if  necessary. 

NOTE. — 1*177   grams   of  copper   (cupric)  are  deposited   per 
ampere-hour  approximately. 

(8)  Note  the  exact  instant  of  switching  off.     Very  carefully 
remove  the  gain  plates  so  as  not  to  scratch  them,  rinse  in  acidu- 
lated water  to  prevent  the  nascent  copper  oxidizing,  then  in  clean 
water,  and  place  in  D  to  dry. 

(9)  When  dry  and  cool  reweigh  the  gain  plates,  and  note  the 
weights  W2  grms. 

(10)  Repeat    (2)-(9)   for    a  different   current    strength,   and 
tabulate  as  follows  : — 


Cathode  area  =         sq.  cms.  per  amp.  ;  temperature  of  bath  = 


C.,  Z, 


Weight  of  plates  in 
grams. 

Deposit, 
W  =  (IW2-2W!). 

Time  in 
sees.,  t. 

Reading 
of  A. 

True 
amperes, 

W 

~Zt 

Per  cent, 
error  of  A. 

Before, 
2Wi. 

After, 
2W2. 
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74.  Conductivity  and  Specific  Resistance  of 
Electrolytes. 

The  accurate  measurement  of  the  resistance  of  electrolytic 
liquids  is  very  troublesome  and  difficult  owing  to  phenomena 
which  become  manifest  immediately  a  current  flows  through  the 
liquid,  and  which  are  usually  designated  by  the  term  "polarization? 
It  consists,  firstly,  of  a  back  E.M.F.  set  up  by  the  decomposition 
of  the  electrolyte ;  and  secondly,  of  what  is  called  a  transition 
resistance  introduced  at  the  surface  of  the  electrodes  in  contact 
with  the  liquid,  probably  due  to  partly  an  air  film  and  partly  the 
separation  or  condition  of  the  ions  at  these  points.  In  the  case 
of  solutions  of  salts,  these  injurious  effects  can  be  to  a  great  extent 
minimized  by  using  electrodes  composed  of  the  same  metal  as  in 
the  salt.  This  is  particularly  the  case  with  zinc  and  copper 
sulphates.  Platinum  may  be  used  for  other  solutions.  Numerous 
devices  and  methods  have  been  suggested  and  used  by  various 
experimenters  for  eliminating  or  reducing  the  disturbing  effects  of 
polarization,  and  of  these  the  following  are  the  best. 


75.  Resistance  of   Electrolytes 
(Stroud= Henderson  Direct =current  Method). 

Introduction. — There  can  be  little  doubt  that  direct-current 
methods  possess  an  advantage  over  alternating-current  ones  in 
the  matter  of  the  current  indicator,  enabling  a  delicate  reflecting 
galvanometer  to  be  used  instead  of  a  telephone,  the  former  being 
more  reliable  though  less  sensitive  and  far  less  dead-beat  than  the 
latter.  The  present  method,  though  similar  in  some  respects  to 
continuous- current  methods  previously  devised,  differs  from  them 
in  the  form  of  electrolytic  cell  used,  and  in  the  use  of  high 
voltages  and  high  resistances,  so  as  to  effectually  drown  any 
residual  error  due  to  differential  polarization.  It  consists  in  using 
a  balancing  cell,  c,  having  the  same  size  of  plates,  etc.,  and  in  all 
respects  similar  and  equal  to  the  main  electrolytic  cell  C,  but 
having  a  much  shorter  length  of  liquid  conductor.  With  such  an 
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arrangement  the  disturbing  effects  of  polarization  can  practically 
be  eliminated,  or,  at  all  events,  at  least  99  per  cent,  of  them  can, 
though  generally  the  balance  is  much  more  perfect  than  this. 
The  construction  and  arrangement  of  main  and  balancing  cells  is 
described  on  p.  343.  The  measurement  of  the  resistances  are 
effected  with  a  Wheatstone  bridge  arrangement,  as  in  Fig.  60,  from 
which  it  will  at  once  be  seen  that  if  i\  =  r2,  then  when  balance  is 
obtained  in  the  usual  way,  equal  currents  will  be  traversing  both 
cells,  C  and  c;  and  therefore  there  should  be  equal  and  opposed 
polarizations,  which,  theoretically  speaking,  should  neutralize  each 
other.  The  best  positions  of  G  -and  B  are  as  in  the  figure,  and  if 
G  is  a  delicate  D'Arsonval  galvanometer  of  from  300  to  400  ohms 


FIG.  60. 

resistance,  it  is  possible  to  easily  detect  differences  of  about  5 
ohms  in  R,  in  say  30,000  ohms,  when  rL  =  r2  =  2000  ohms,  and  the 
E.M.F.  is  30  to  40  volts.  A  constant,  K,  can  be  obtained  for  a 
particular  pair  of  tubes  by  calibrating  them,  or  measuring  their 
lengths,  and  weighing  in  a  watch-glass  the  mercury  required  to  fill 
them.  In  finding  this  weight,  the  results  will  be  most  concordant 
when  the  finely  ground  ends  of  the  tube  is  stopped  by  means  of  a 
small  piece  of  thin  glass  cover  backed  with  cork  about  y1^  inch 
thick,  the  diameter  of  cover-glass  and  cork  being  about  the 
same  as  the  external  diameter  of  the  tube,  so  that  one  finger  will 
keep  the  cover-glass  firmly  up  against  the  end  of  the  tube  without 
fear  of  tilting  one  edge  relatively  to  the  end  of  the  tube. 
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To  find  the  constant  K  of  the  tubes — 
Let  L  =  the  length  in  centimetres  of  the  longer  tube,  and  A 

the  sectional  area  of  its  bore, 
/  =  the  length  in  centimetres  of  the  shorter  tube,  and  a 

the  sectional  area  of  its  bore  ; 
also  let  W  =  the  weight  in  grams  of  mercury  filling  the  long  tube, 

and  w  =         „  „  „  „  short      „ 

then  if  p  =  the  specific  resistance  per  centimetre  cube  of  the  liquid 
tested,  and  a-  =  the  density  of  mercury  in  gram  centimetre  units, 
we  have — 

W 

W  =  o-LA    /.  A  =  -T 
o-L 

w 

and  w  =  via       .*.  a  =   —, 
<rl 

therefore  the  resistance  giving  balance,  namely — 
/L       l 


T) 

Hence  the  specific  resistance  p  =  ^. 

To  find  the  temperature  coefficient  a  of  the  electrolyte — 

Let  R!  =  the  resistance  of  the  liquid  of  temperature  t°  C. 

R/  °  P 
9    ~~~  11  n  11  11  '2       ^--'» 


Then  Rx  =  R0(i  +  c^) 
and  R2  =  R0(i  4-  a/-2) 

Ra      i  +  < 

Hence  =-  =  -     — . 

R2      i  +  a/.j 

"D       "D 

•*'  a  =  TJ  /~ "P  /•  P 
K^j  —  Kjr2 

Apparatus.— Sensitive  reflecting  galvanometer,  G;  standard 
known  resistances,  rlt  r%,  each  equal  to  about  2000  ohms ;  an  ad- 
justable high  resistance,  R,  totalling  up  to  about  100,000  ohms  ; 
a  battery,  B,  to  give  30-40  volts  P.O. ;  electrolytic  apparatus,  the 
diameter  of  the  bore  of  the  tubes  being  so  chosen  as  to  give  a 
convenient  resistance  with  the  liquid  used ;  a  delicate  thermometer 
graduated,  say  in  y1/  C. ;  spring  tapping-keys,  K13  K2 ;  a  source  of 
heat,  if  necessary,  for  heating  the  bath. 
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Vide  remarks  on  p.  130  relating  to  certain  precautions  to  be 
adopted. 

Observations.— (i)  Connect  up  as  in  Fig.  60,  and  adjust 
the  galvanometer  spot  of  light  to  zero  (about).  Make  t\  =  r* 
=  2000  ohms. 

(2)  Close  K2,  and  quickly  adjust  R  roughly,  so  that  on  pressing 
K!  there  is  no  deflection  on  G  approximately ;  then  open  Klf  K2. 

(3)  Keep  the  bath  well  stirred  by  raising  the  handle  very 
gently  and  slowly  up  and  down  for  about  4  minutes,  so  as  to  allow 
the  electrolyte  to  attain  the  temperature  of  the  bath  t  which  is 
now  noted,  and  K!  closed,  the  bridge  being  very  rapidly  adjusted 
finally  by  R  (accurately). 

(4)  Take  out  the  electrodes,  wash,  then  heat  to  redness,  and 
replace  them  in  the  cells,  and  lastly,  reverse  the  current. 

(5)  Repeat  (2)  and  (3)  with  the  current  reversed. 

(6)  Repeat  (4)  first,  and  then  (2)  and  (3)  again  some  four 
times. 

(7)  Repeat  (2)-(6)  for  about  six  different  temperatures  up  to 
about  60°  C. 

(8)  Repeat  (2)-(6)  for  about  four  or  five  different  densities  of 
the  same  electrolyte,  at  as  nearly  as  possible  the  same  temperature, 
and  tabulate  as  follows  : — 


Long  tube,      ;  length,  L,  = 
Short     ,,          ;       ,,         /,  = 


cms.  :  weight  of  mercury,  W,  = 


grms.  ;  <r  =       at    o°  C. 
„      ;  constant,  K,  = 


Electro- 
lyte used, 
and 
strength. 

Direction 
of 
current. 

Tempera- 
ture of 
bath,  /. 

Density 
of 
electro- 
lyte. 

r\- 

r*. 

R. 

Resistance 
of  electro- 
.lyte 
reduced 
to  o°  C. 

Tempera- 
ture 
coeff.,  a. 

Specific 
resistance, 

'-J 

(9)  Plot  two  curves,  one  having  temperatures  of  the  electro- 
lyte as  ordinates  and  corresponding  resistances  at  constant  density 
as  abscissae,  the  other  having  densities  as  ordinates  and  the  corre- 
sponding resistances  (at  constant  temperature)  as  abscissae. 

Inferences.— Mention  any  sources  of  error  which  might  be 
introduced  in  the  method,  and  state  clearly  the  inferences  you  can 
draw  from  the  results  of  the  experiment 
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76.  Resistance  of  Electrolytes 
(Kohlrausch   Alternating=current   Method). 

Introduction. — In  the  following  method,  due  to  Professor 
Kohlrausch,  the  detrimental  effects  due  to  polarization,  which  tend 
to  introduce  errors  in  the  measurement  of  electrolytic  resistance, 
are  almost  eliminated.  Such  effects  will  be  diminished  still  further 
by  platinizing  the  electrodes  (if  these  are  not  of  platinum  already), 
and  by  increasing  their  size.  Although  the  method  is  superior 
to  any  at  present  in  use  in  which  direct  currents  are  used,  except 
the  Stroud-Henderson  one,  there  are  difficulties  arising  from  self- 
induction  and  capacity  which  are  manifest  when  alternating 
currents  are  used,  and  for  this  reason — it  is  of  the  utmost  importance 
that  the  bridge  arms  have  no  self-induction.  To  realize  this  con- 
dition more  fully,  a  special  form  of  bridge  is  usually  used,  of  which 
Fig.  210,  p.  345,  shows  one  type.  The  electrolytic  cell  may  be 
either  of  the  form  shown  in  Fig.  212,  p.  346,  or  that  used  in  the 
last  method.  In  the  present  method  we  shall  employ  this  form 
of  balancing  cell  which  has  been  found  by  Drs.  Stroud  and 
Henderson  to  be  a  distinct  improvement  for  resistances  not 
greater  than  1000  ohms  or  thereabouts,  enabling  dead  silence  to 
be  obtained  on  the  telephone,  while,  without  the  balancing  cell, 
there  is  usually  always  a  feeble  buzz.  + 

Apparatus. — Telephone,  GT,  for  use  as  a  galvanometer; 
two  non-inductive  resistances,  /•„  r2,  of  about  1000  or  2000  ohms 
each ;  one  higher  adjustable  resistance,  R  ;  small  induction  coil,  B, 
giving,  say,  \  in.  spark  for  producing  the  alternating  current,  and  a 
small  battery,  $,  to  excite  it ;  electrolytic  cell,  CV,  of  such  a  size 
as  to  give  not  more  than  about  1000  ohms  resistance  with  the 
solution  used ;  key,  K ;  delicate  thermometer  graduated  in  y^0 ; 
delicate  hydrometer  or  chemical  balance. 

N.B. — If  an  ordinary  metre  bridge  is  used,  rlt  r.2  will  form  the 
stretched  wire,  but  it  is  not  suitable  to  use  with  the  balancing  cell. 
In  such  cases  one  similar  to  Fig.  169  should  be  used.  If  possible, 
the  source  of  alternating  current  B  should  be  removed  to  a  dis- 
tance from  the  operator,  so  that  the  noise  of  the  "  contact  breaker" 
may  not  interfere  with  the  hearing  at  the  telephone.  It  will,  for 
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this  reason  and  that  of  obtaining  greater  sensitiveness,  be  an 
additional  help  if  two  telephones  are  used  in  parallel,  one  to  each 
ear.  Vide  precautions  (p.  130)  to  be  adopted. 

Observations. — (i)  Connect  up  as  in  Fig.  61,  or,  if  the 
special  bridge  (p.  345)  is  used,  then  connect  as  there  described. 
If  the  present  arrangement  is  used, 
make  r^  =  r.2,  and  adjust  R  so  that 
no  sound  or  minimum  sound  is  heard 
in  GT,  and  note  the  values  of  R  and 
temperature  and  of  rlt  r2  for  reference 
only. 

N.B.—  The  test  will  be  most 
sensitive  when  r±  and  r.2  are  only  a 
little  greater  than  the  value  of  R 
required  to  balance,  for  then  the  arms 
of  the  bridge  will  be  more  nearly 


FlG- 


equal  in  resistance.  Balance  should  then  be  disturbed  by  altering 
R,  and  re-obtained  thus  two  or  three  times,  and  the  mean  value 
of  R  noted,  which  will  thus  be  more  accurately  equal  to  the 
difference  in  the  resistance  of  C  and  c. 

(2)  Repeat  (i)  for  four  or  five  different  temperatures  of  the 
bath  or  solution. 

(3)  Repeat  (i)  for  four  or  five  different  densities  of  the  same 
solution  at  as  nearly  as  possible  the  same  temperature,  and  tabulate 
your  results  in  exactly  the  same  manner  as  in  the  last  test. 

(4)  Plot  two  curves,  one  having  temperatures  of  the  electrolyte 
as  ordinates  and  corresponding  resistances  (at  constant  density) 
as  abscissae,  the  other  with  densities  as  ordinates  and  resistances 
(at  constant  temperature)  as  abscissae. 

Inferences,  —  State  clearly  all  the  inferences  deducible  from 
your  experimental  results. 


77.   Resistance  of  Electrolytes 
(Secohmmeter  Method). 

Introduction.  —  This  method  may  conveniently  be  used  when 
an  Ayrton  and  Perry  secohmmeter  is  available,  but  not  an  in- 
duction coil.  It  differs  slightly  from  either  of  the  preceding 
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methods,  owing  to  the  employment  of  an  alternating  current  in 
the  arms  of  the  bridge,  produced  by  the  secohmmeter  interchanging 
the  battery  terminals  while  an  ordinary  aperiodic  sensitive  gal- 
vanometer is  at  the  same  time  used,  thus  combining  the  advantages 
of  the  direct  and  alternating  current  methods.  The  precise  action 
of  the  secohmmeter  will  be  at  once  seen  by  reference  to  pp.  259 
to  262.  In  the  present  case  the  commutators  may  be  set  in 
the  midway  positions,  so  that  the  galvanometer  connections  are 
reversed  midway  between  two  consecutive  battery  reversals.  The 
higher  the  speed,  the  greater  the  sensitiveness. 

Apparatus. — Secohmmeter  complete,  with  means  for  driving 
it  (Fig.  119,  p.  261) ;  battery,  B,  capable  of  giving  30-40  volts  P.D. ; 
sensitive  aperiodic  reflecting  galvanometer,  G ;  electrolytic  cell 
(preferably  the  form  shown  on  p.  343) ;  known  resistances,  R,  rlt  rz  • 
delicate  thermometer  and  hydrometer  or  chemical  weighing  balance, 
for  making  up  the  test  solution. 

Observations. — (i)  Referring  to  Fig.  61  for  Kohlrausch's 
method,  dispensing  with  B,  K,  and  GT,  connect  points  A  and  D 
to  the  terminals  marked  "bridge"  on  the  same  side  of  the 
secohmmeter  as  those  marked  "galvanometer,"  and  the  points 
H  and  F  to  the  remaining  pair  marked  "  bridge ; "  also  join 
B  and  G  to  terminals  marked  "  battery "  and  "  galvanometer " 
respectively.  Adjust  the  galvanometer  to  zero  (about). 

(2)  Repeat  precisely  the  observations  in  their  order,  as  set 
forth  in  the  Kohlrausch  method,  and  answer  the  inferences  there 
mentioned. 

GENERAL  PRECAUTIONS  TO  BE  USED  IN  THE  PRECEDING  METHODS. 

If  a  metre  bridge  be  used,  the  arms  of  the  bridge  should  be 
made  more  equal  by  adding  extra  resistances  at  the  ends  of  the 
stretched  wire. 

In  all  cases  the  utmost  care  should  be  taken  in  thoroughly 
cleaning  the  electrolytic  cells,  finally  using  distilled  water,  as  mere 
traces  of  foreign  substances  sometimes  serve  to  completely  alter 
the  resistance  of  the  liquid  tested. 

The  solutions  for  test  must  be  made  up  with  great  care  if 
the  experimental  results  are  to  be  compared  with  standard  ones 
(vide  p.  365). 
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78.  The  Ballistic  Galvanometer. 

In  experiments  on  induction  currents  and  capacity,  "  transient  " 
or  very  short  duration  currents  have  to  be  measured.  The  ballistic 
galvanometer  is  a  form  of  instrument  specially  adapted  for  the 
measurement  of  such,  and  its  action  depends  upon  the  principle 
that,  when  the  duration  of  the  current  is  very  short  compared 
with  the  time  of  oscillation  of  its  moving  system  (whether  coil  or 
magnetic  needle),  the  total  quantity  Q  of  electricity  transmitted 
by  that  current  may  be  deduced  from  the  first  swing  or  "  throw  " 
of  the  needle,  due  to  the  magnetic  impulse  of  the  momentary 
current  The  term  "  ballistic "  is  applied  to  such  an  instrument 
from  its  analogy  to  a  ballistic  pendulum,  in  that  its  moving  system 
possesses  a  large  moment  of  inertia.  In  fact,  on  this  depends  the 
whole  principle  of  the  galvanometer,  namely,  that  the  moment  of 
inertia  is  so  large  that  the  whole  quantity  of  electricity  in  the 
transient  current  has  passed  through  the  coils  of  the  galvanometer 
before  the  needle  begins  to  move.  If  a  current  A  flows  for  a 
short  interval  of  time  dt,  the  latter  quantity  Q  of  electricity  which 
passes  is  Q  =  jKdt  taken  between  the  correct  limits,  where  A  is 
variable  as  in  an  induced  current. 

This  time-integral  of  the  current  has  therefore  to  be  measured 
by  a  ballistic  galvanometer.  Two  or  three  forms  of  this  type  of 
instrument  are  described  on  pp.  283,  285,  X;  AH 

from  which  we  see  that  its  moving  system 
may  be  either  a  needle  or  coil.  But,  in 
general,  any  galvanometer  can  be  used  as  a 
ballistic  one  if  damping  is  reduced  to  the 
utmost,  and  the  moving  system  weighted  in 
addition  so  as  to  give  a  large  moment  of 
inertia.  We  will  now  consider  the  principle 
of  the  instrument  more  in  detail. 

Let  Fig.  62  represent  an  exaggerated 
plan  of  the  galvanometer  needle  AB  when 
freely  suspended,  and  at  rest  in  the  mag- 
netic meridian  XY ;  let  the  strength  of  each 
of  its  poles  be  m,  and  their  distance  apart  2/,  and  0°  =  angle 
AOA',  where  A'B'  is  the  instantaneous  position  of  rest  when 
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deflected.  Draw  A'C  and  B'D  perpendicular  to  AB.  Then,  if  O 
is  the  centre  of  rotation,  and  H  =  the  horizontal  intensity  of  the 
earth's  force,  the  force  acting  on  each  end  of  the  needle  tending 
to  bring  it  back  to  the  position  AOB  =  H;;/.  But  H;;/  has  acted 
through  a  distance  AC  one  end,  and  BD  the  other, 

•  .*.  the  total  work  done  against  H  =  H;;/(AC  -f  DB) 
But  AC  =  DB  =  OA  -  OC  =  /  -  /  cos  0° 

=  /(l  -  COS  0°) 

/.  total  work  done  =  H;//(AC  +  DB)  =  H;;/2/(i  -  cos  0°) 

=  HM(i  -  cos  0) 
where  M  =  2/;;/,  the  magnetic  moment  of  the  needle. 

Again,  if  any  body  or  mass  is  rotating  round  a  fixed  axis,  the 
sum  of  all  the  products  obtained  by  multiplying  the  mass  of  each 
particle  m  in  the  body  by  the  square  of  its  radius  r  from  that  axis, 
is  termed  the  moment  of  inertia  I  about  the  axis,  or  I  =  S///;-2. 

If,  now,  G  =  the  galvanometer  constant,  which  depends  on  the 
form  of  its  coils,  etc.,  then  the  moment  of  the  force  on  the 
needle  produced  by  the  current  A  is  =  MGA  ;  and  if  the  current 
flows  for  a  short  time  ///, 

then  moment  of  force  =  MGAd?  =  MG^ 
where  dq  —  the  small  quantity  which  flows  in  the  time  dt  ; 

hence  the  total  impulse  on  the  needle  =  MGQ 
where  Q  =  the  whole  quantity  that  passed  in  the  discharge. 

But  this  impulse  is  equal  to  the  moment  of  momentum  Io>  of 
the  needle,  where  to  =  the  angular  velocity  of  needle  ; 


, 

Now,  the  kinetic  energy  of  the  needle  at  starting  =  ilo>'2,  and 

this  must  equal  the  total  work  done,  namely,  HM(i  —  cos  0), 

0 
which  also  =  2HM  sin2  —  ; 


/.  M2G2Q2  =  4HMI  sin2^ 

Hence  Q=  2X/-^  sin^ 
V  MG2        2 

We  therefore  see  that,  on  the  assumption  that  the  discharge 
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through  the  galvanometer  is  completed  before  the  needle  moves, 

B 
the  total  quantity  of  electricity  passing  is  oc  sin  - ,  where  0  =  first 

throw  of  the  needle.     The  above  equation  for   Q  can  be   still 
further  reduced,  for  if  T  =  periodic  time  of  oscillation  of  the  needle, 


™       ,P  I  I       T2H 

= 


and  substituting  this  value  of    •  in  the  value  for  Q,  we  have  — 

M 


Q=  2V        *r  2  sin-  =  ••- 

~  2          TT(J 


This  relation  assumes  that  the  earth's  field  H  is  the  only  con- 
trolling force  tending  to  damp  the  motion  of  the  needle,  or  that 
the  whole  kinetic  energy  of  the  needle,  after  the  flow  has  ceased, 
is  used  in  overcoming  the  retarding  forces.  Other  damping  may, 
however,  arise  from  the  resistance  of  the  air,  torsion  of  the  suspen- 
sion, and  any  induced  currents  which  may  be  generated  in  sur- 
rounding metal-work,  if  there  is  any.  To  correct  for  this,  let 
A.  =  the  logarithmic  decrement.  Then  the  observed  sin  ~6  must  be 
multiplied  by  the  factor  (i  -f-  ^A)  to  obtain  the  true  value,  which 

0 
sin  -  would  have  if  no  damping  existed. 

TH 
.V  Q  =      r  sin  ±0(i  +  ±A) 

TTLr 

It  should  here  be  noted  that  the  magnetic  moment  enters 
into  the  previous  value  of  Q,  and  indirectly  in  the  last  formula  ; 
hence  the  needle  should  be  a  magnet  which  is  least  liable  to 
change  in  strength,  either  by  the  passage  of  too  strong  a  discharge 
or  otherwise. 

Periodic  Time  of  Oscillation.—  The  value  of  this  will 
depend  on  the  moment  of  inertia  and  magnetic  moment  of  the 
needle  and  on  H.  The  latter  two  may  vary,  the  magnetic  moment 
from  the  cause  just  mentioned,  and  H  through  altering  the  con- 
trolling magnet.  Therefore  T  should  be  obtained  afresh  at  each 
experiment,  and  may  be  found  thus  :  Set  the  needle  swinging,  and 
note  the  number  of  seconds  it  takes  for  the  spot  of  light  to  pass 
zero,  moving  in  the  same  direction  on  two  succeeding  occasions. 
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This  should  be  repeated  about  six  times,  and  the  mean  result 
noted  as  the  value  of  T. 

Napierian  Logarithmic  Decrement.  —  It  has  already  been 
pointed  out  that,  owing  to  the  throw  of  the  needle  of  a 
ballistic  galvanometer  being  damped  through  various  causes  there 
mentioned,  it  should  be  multiplied  by  a  coefficient  greater  than 
one,  in  order  to  give  the  throw  which  would  have  resulted  had 
there  been  no  damping. 

If  A1}  A2,  A3,  A4,  .  .  .  AM  are  the  amplitudes  of  successive 

A        A        A  A 

oscillations  of  the  needle,  then  --  =  —  2  =  -  -8-  =   ...  is 

A2        A3        A4  A(M  +  1) 

A 

called  the  decrement,  and   loge  ^—    -  is   termed   the   Napierian 

A(M  +  D 

logarithmic  decrement  X,  where  e  is  the  base  of  the  Napierian 
logarithms,  and  =  271828. 

A,,  A,, 

-          logioT~ 

Then  log£  -*-  =     ,       "  +  1  =  -  2a±l  =  \ 

- 


og1 
Any  error  will  be  a  minimum  when 

A   -4-  A. 
X  also  =  log€  -v1-  -*jr,  etc. 

A2  T  A3 

If  the  damping  is  very  small,  AH  and  An  +  x  will  be  too  nearly 
equal  to  allow  of  X  being  obtained  accurately.  In  such  a  case  we 
can  proceed  thus  : 

Let  A   =  amplitude  of  any  one  oscillation,  and 
An  =  „  the  wth  oscillation  after  it. 


Then  the  decrement  =  (  — 

A,( 


n-  i 
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79.  Calibration  of  a  Ballistic  Galvanometer 
(Vibration  and  Deflection  Method). 

Introduction.  —  Referring  to  the  formula  deduced  for  a 
ballistic  galvanometer  a  page  or  two  back,  we  found  that  the 
whole  quantity  of  electricity  Q  in  the  transient  current  producing 
a  first  throw  0°  on  the  galvanometer  was— 


Q  =        . 


=  K  sin 


where  K  - 


stant. 


-j-  -|A),  and  is  the  ballistic  galvanometer  con- 


The present  method  consists  in  experimentally  determining 
the  periodic  time  T  of  vibration  of  the  needle  in  seconds  and 
the  logarithmic  decrement  X  in  the  manner  just  shown  ;  and, 

TT 

lastly,  the  value  of  -     by  passing  a  steady  current  C  through  the 
G 

galvanometer,    and    noting    the    steady    deflection    <£,   whence 
TT  p  TT       C* 

-  =  —   '—.  though  for  small  deflection  -;  =  —  approximately. 
G       tan  <p  G       9 

Apparatus.  —  Stop-watch  ;  current  ammeter  ;  resistance  ;  bat- 
tery ;  and  key. 

Observations.  —  (i)  Connect  up  the  ammeter,  resistance,  key, 
and  battery  in  series,  and  adjust  the  galvanometer  needle  to  zero. 

(2)  Determine  T  and  A.  in  the  way  indicated  on  pp.  33,  34. 

(3)  Send  about  six  different  currents  C  through  the  ballistic 
galvanometer  by  varying  the  resistance,  and  note  the  correspond- 
ing steady  deflection  <f>°  with  each. 

(4)  Tabulate  your  results  as  follows  :  — 

Mean  periodic  time,  T,  =        sees.  ;  log  dec.  \  =         ;  distance  between  galvanometer 
and  scale  =         scale-divisions. 


Steady  current 
through  galvano- 
meter, C. 

Steady  deflection 
on  galvano- 
meter, d  scale- 
divisions. 

Value  of 

«*.£ 

Galvanometer  constant, 

*-V=?-*+w 

Mean 
constant, 
K. 
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80.  Calibration  of  a  Ballistic  Galvanometer 
(Earth=inductor  Method). 

Introduction. — This  method  is  applicable  in  cases  where 
either  the  vertical  or  horizontal  components  of  the  earth's  magnetic 
field  is  accurately  known,  and  it  then  constitutes  the  simplest 
method  of  calibration.  The  principle  of  it  is  as  follows :  If  a 
conductor,  as,  for  example,  a  coil  of  "wire  of  one  or  more  turns  N 
and  mean  area  A  sq.  cms.,  placed- in  a  magnetic  field  of  intensity 
F,  and  connected  to  the  galvanometer,  be  suddenly  turned  so  as 
to  cut  the  lines  of  force  of  that  field,  an  E.M.F.  will  be  induced 
which  will  cause  a  certain  quantity  Q  of  electricity  to  pass 
through  the  galvanometer,  depending  on  the  total  resistance  R 
of  the  circuit.  A  "  throw  "  of  the  spot  of  light  on  the  scale  will 
result,  which  is  a  measure  of  the  number  of  lines  of  force  cut  by 
the  coil. 

This  latter  may  conveniently  take  the  form  shown  on  p.  360, 
and  if  it  is  suitably  placed  and  suddenly  turned  through  180°,  so 
as  to  cut  one  of  the  components  of  strength  F,  then  the  whole 
quantity  Q  of  electricity  set  up  in  the  transient  current  produced 

will  be  Q  =  ,  and  we  have  Q  =  K  sin  -,   where   K  =  the 

R  2 

galvanometer  constant  and  6  =  angle  of  first  throw  (in  degrees) 
caused  by  the  passage  of  Q.  If  d  =  deflection  of  spot  of  light 
(in  scale-divisions)  and  L  =  length  between  scale  and  galva- 
nometer mirror  (also  in  scale-divisions),  then  d  =  L  tan  26,  or  if 
the  angular  displacement  is  small,  as  it  always  is  in  mirror  galva- 

6         d 

nometers,  then  sin  -  =  — -  very  approximately. 
2       4-*-* 

There  are  three  ways  of  using  the  "  earth  inductor "  in  con- 
nection with  cutting  the  earth's  field,  as  follows : — 

(a)  Horizontal  Component. — To  cut  this,  place  the  inductor 
stand  so  that  the  axis  of  turning  is  vertical,  and  the  plane  of  the 
coil  perpendicular  to  the  magnetic  meridian. 

((3)  Vertical  Component. — To  cut  this,  place  the  axis  of  turning 
horizontal  and  in  a  line  with  the  magnetic  meridian,  and  the 
plane  of  the  coil  horizontal  also. 
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(y)  Total  Field.— To  cut  the  whole  of  the  earth's  field,  place 
the  axis  of  turning  horizontal  and  at  right  angles  to  the  magnetic 
meridian,  and  the  plane  of  the  coil  perpendicular  to  the  direction 
of  "  dip." 

Then,  in  turning  the  coil  sharply  through  180°  from  either  of 
these  three  positions,  it  will  cut  the  particular  field  in  question. 
It  will,  however,  be  found  most  convenient  to  employ  (a)  or  (ft). 
The  direction  of  the  magnetic  meridian  can  be  found  in  the  way 
indicated  on  pp.  13,  14. 

Apparatus. — Earth   inductor,    E;   sensitive   ballistic  mirror 
galvanometer,  G  ;  box  of  known  resistances,  r  ; 
either  a  short-circuit  key,  K,  or  damping  coil 
to  bring  the  spot  of  light  quickly  to  rest  and 
save  time. 

Observations. — (i)  Connect  up  the  above 
apparatus,  and  adjust  the  spot  of  light  to  zero 
on  the  scale. 

(2)  Make   the   box   resistance  as  small  as 
possible,   and   place    the    earth   conductor    in 

position  (a),  so  that  when  turned  as  "  rapidly  "  as  possible  through 
1 80°,  it  cuts  the  horizontal  component  of  the  earth's  magnetic 
force  F. 

(3)  With  the  spot  of  light  absolutely  at  rest,  rotate  the  inductor 
rapidly  through  180°,  and  note  the  first  throw  d  scale-divisions  of 
the  spot. 

N.B. — Do  this  two  or  three  times,  and  take  the  mean  as  being 
more  accurate. 

(4)  Repeat  (3)  for  about  ten  different  and  increasing  values  of 
box  resistance  to  the  highest  convenient. 

(5)  Repeat  (2)-(4),  cutting  the  earth's  other  component,  and 
record  your  results  in  the  following  manner : — 


K 


FIG.  63. 


Earth  inductor,      ;  turns,  N,  =       ;  mean  area,  A,  =      sq.  cms.  ;  resistance,  r&  =      ohms ; 
galvanometer  resistance,  G,  =          ohms ;  distance  between  scale  and  mirror,  L,  =        scale- 
divisions. 


Earth's 
field 
cut, 
F. 

Mean 
first 
throw  of 
spot,  d. 

Value  of 
.    H        d 
sin  -  =     T 

2          4L 

very  approxi- 
mately. 

Box 

resistance,  r 
ohms. 

Total 

resistance, 
r  +  rt  .  +  G  =  R. 

Constant  of 
galvanometer, 
2NAF 

Corrected 
mean 
galvano- 
meter 
constant. 

.    » 
io9  R  .  sin  - 
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Inferences.— Show  how  the  formula  for  the  constant  K  can 
be  deduced,  and  state  the  assumptions  made,  if  any.  Will  any 
corrections  be  necessary  to  obtain  an  accurate  result  ?  State  in 
words  what  the  above  constant  really  means. 


81,  Calibration  of  a  Ballistic  Galvanometer 
(Standard   Solenoid   Method). 

Introduction. — As  was  stated  in  connection  with  the  earth- 
coil  method,  the  earth's  force  must  be  accurately  known  in  order 
that  that  method  shall  be  accurate ;  but  as  the  earth's  field  is  liable 
to  serious  alteration  in  a  room  if  iron  girders  or  pipes  are  in  the 
vicinity,  the  following  method  is  often  a  much  better  one  to 
employ,  and  is  quite  independent  of  the  earth's  field,  but  entails 
the  accurate  measurement  of  a  current.  For  it  we  require  a 
magnetizing  solenoid  3  or  4  feet  long,  of  wire  uniformly  wound 
on  a  non-magnetic  core,  and  having  a  mean  sectional  area 
A  sq.  cms.  and  number  of  turns  T,  both  accurately  known.  A 
short  search-coil  of  N  turns  is  wound  over  the  centre  of  this  coil 
and  joined  to  the  galvanometer.  If,  now,  C  =  current  in  amperes 
sent  through  the  magnetizing  coil,  the  magnetizing  or  magnetic 

force  H  at  and  near  its  centre  is  H  =  -     —  C.G.S.  units,  where 

io/ 

/  =  length  of  solenoid  in  centimetres  bet-ween  extreme  end  turns ; 
and  since  the  core  is  non-magnetic,  this  H  =  B,  the  magnetic  in- 
duction in  lines  per  square  centimetre ;  therefore  the  total  number 

of  lines  enclosed  by  search-coil  =  —       — .     Hence,  if  R  =  total 

io/ 

resistance  of  the  search-coil  circuit,  we  have  that  the  total  quantity 
of  electricity  in  the  .transient  current  set  up  by  either  making  or 

breaking  the  magnetizing  current  C  is  Q  =  -  —  C.G.S.  units, 

io  lo/R 

corresponding  to  an  angular  throw  6°  of  the  galvanometer  needle. 
Apparatus. — Standard  solenoid,  S ;  battery,  B  ;  switch,  K ; 
rheostat,  R!  ;  sensitive  ballistic  mirror  galvanometer,  G;  box  of 
known  resistances,  r ;  either  a  short-circuit  key,  Kl5  or  damping 
coil  (p.  349),  for  bringing  the  galvanometer  needle  quickly  to  rest} 
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thus  saving  time;  delicate  ammeter,  #,   for   reading  the  current 
accurately. 

Observations. — (i)  Connect  up  as  in  Fig.  64,  and  adjust  G 
and  a  to  zero. 

(2)  Make  ;•  as  small  as  possible ;  close  K  and  adjust  R1}  so  as 
to  give  a  small  current  on  a. 

(3)  With    G    absolutely   at    rest, 
open  K,  and  note  the  first  throw  or 
deflection  on  G,  namely,  0°,  and  the 
current  C  amps,  on  a. 

(4)  Damp  G  quickly  to  rest,  and 
make   the    same    current   C   at   K. 
Repeat  (3)  and  (4)  about  three  times, 
and  take  the  mean  of  all  the  values 
of  6  and  of  C  respectively  on  the 
make  and  break. 

(5)  Repeat    (2)-(4)   for  about   six   different   and 
values  of  box  resistance  ;-,  noting  its  value  at  each. 

(6)  Repeat  (2)-(5)  for  about  three  different  current  strengths 
C,  and  tabulate  your  results  as  follows  :— 

Standard  solenoid,     ;  magnetizing  turns,  T,  =     ;  total  length,  /,  =     cms. ;  mean  area,  A,  =    sq.  cms. 

Search  coil,  ;  number  of  turns,  N,  =         ;  resistance,  rE,  =  ohms. 

Galvanometer  resistance,  G,  =        ohms  ;  distance  between  scale  and  mirror,  L,  =         scale-divisions. 


FIG.  64. 


increasing 


Current 
in  amperes, 

Mean  first 
throw,  d 
scale- 

Value  of 

Box 

resistance,  r 

Total 
resistance, 
R  —  r  +  r    +  G 

Galvanometer 
constant, 

Y         Q 

Corrected 
mean  gal- 
vanometer 

divisions. 

approximately. 

sin  *tf° 

constant. 

Inferences. — What  does  the  constant  K  represent,  and  ought 
any  corrections  to  be  applied  to  the  equation  to  obtain  an 
accurate  result  ? 


82.  Calibration  of  a  Ballistic  Galvanometer 
(Standard   Condenser  Method). 

Introduction. — The  following  "  capacity  method,"  for 
calibrating  or  determining  the  constant  K  of  a  ballistic  galvano- 
meter, consists  in  charging  a  condenser  of  (C)  M.F.D.S.  capacity 
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to  a  known  potential  of  V  volts  by  means  of  a  cell  of  known 
E.M.F.,  and  then  discharging  the  quantity  Q  of  CV  micro- 
coulombs  through  the  galvanometer,  noting  the  "  throw  "  produced. 
The  galvanometer  so  calibrated  can  now  be  used,  not  only  for 
measuring  quantities  of  electricity,  but  also  for  measuring  magnetic 
fields  as  follows  :  If  a  coil  of  N  turns,  joined  to  the  galvanometer, 
cuts  a  field  of  induction,  it  will  be  linked  with  the  latter  N  times, 
and  the  throw  produced  will  mean  so  much  quantity  in  micro- 
coulombs  passing  through  the  galvanometer.  In  other  words, 
induction  X  linkages  =  quantity  X  total  circuit  resistance.  If 
the  induction  is  measured  in  micro webers  (i  weber  =  io3 
C.G.S.  lines  of  induction),  then  microwebers  X  linkages  =  micro- 
coulombs  X  ohms.  The  galvanometer  should  have  a  moderately 
small  logarithmic  decrement  X,  say  not  greater  than  io  per  cent. 

Apparatus. — Sensitive  mirror  ballistic  galvanometer,  g ; 
standard  condenser,  C,  of  variable  known  capacity ;  high  insulation 
charge  and  discharge  key,  K  :  two  or  three  constant  cells,  b,  of 
known  E.M.F.,  V,  or  an  accurate  voltmeter  to 
measure  the  P.D.'s. 

Observations. — (i)  Connect  up  the  above 
apparatus  as  in  Fig.  65,  and  adjust  the  spot  of 
light  to  zero  on  the  scale. 

(2)  Insert  a  known  capacity  C  in  the  con- 
denser box,  and  charge  it  by  a  known  P.D. 
V  volts  by  pressing  the  key  K. 

(3)  With  the  spot  of  light  absolutely  at  rest,  release  K,  thereby 
discharging  the  quantity  of  electricity  Q  =  CV  in  the  condenser 
through  g.     Note  the  first  throw  d  divisions  of  the  spot  of  light. 
Repeat  two  or  three  times,  and  record  the  mean  throw. 

(4)  Repeat  (2)  and  (3)  for  ten  different  known  capacities  C, 
and  tabulate  your  results  as  follows : — 

Distance  between  scale  and  mirror,  L,  =        scale-divisions. 


FIG.  65. 


Throw  of 
spot  of 
light,  d. 

Value  of 
.     0        d 

sin  -=  —  -=- 

2          4L 

very  approxi- 
mately. 

Capacity 
used,  C. 

P.D.  used  to 
charge,  V. 

Constant  of 
galvanometer, 

K_cv 

K~  .     0 
sin  - 

2 

Corrected 
mean  gal- 
vanometer 
constant. 

Inferences. — State  clearly  the  assumptions  that  are  made  in 


Practical  Electrical  Testing. 


141 


the  above  experiment,  and  also  what  corrections,  if  any,  would 
have  to  be  applied  to  obtain  an  accurate  result.  Has  the  method 
any  particular  advantages  or  disadvantages  ?  State  in  words 
what  the  above  galvanometer  constant  really  means. 


83.  Calibration  of  a  Ballistic  Galvanometer 
(Standard   Magneto = inductor  Method). 

Introduction. — The  method  is  a  very  convenient  one  to 
employ  when  some  standard  inductor,  such  as  Hibbert's  (p.  358), 
is  available.  It,  moreover,  has  the  advantage  of  being  independent 
of  the  earth's  field,  which,  as  we  have  seen,  is  in  many  cases  an 
advantage,  especially  where  this  field  is  liable  to  variation. 

Apparatus. — Standard  inductor,  I ;  ballistic  galvanometer,  G ; 
box  of  known  resistances,  r\  and  either  a  short-circuit  key  or 
damping  coil  (p.  349),  with  its  battery  and  key,  to  bring  the  galva- 
nometer needle  quickly  to  rest. 

Observations. — (i)  Connect  up  I,  G,  and  R  in  simple  series 
with  each  other,  and  the  key  (if  one  is  used)  across  the  terminals 
of  G.  Adjust  the  galvanometer  needle  to  zero. 

(2)  With  r  small  enough,  and  the  needle  at  rest,  slip  I,  and 
note  the  first  throw  d  to  the  end  of  the  scale,  also  the  value  of ;-. 

(3)  Repeat  (2),  increasing  r  so  as  to  get  about  ten  different 
values  of  d,  decreasing  by  about  equal  amounts  to  O. 

N.B. — Two  or  three  throws  should  be  taken  for  each  value  of 
r,  and  the  mean  noted  as  being  more  accurate. 

(4)  Calculate  the  galvanometer  constant  K  from  the  relation — 

NF 


io9R  sin 

and  tabulate  your  results  as  follows : — 


Standard  inductor,      ;  turns,  N,=      ;  resistance,  rF,=    ohms;  total  flux  cut,  F,=    C.G.S.  lines. 
Galv.  resistance,  G,  =        ohms  ;  distance  between  scale  and  mirror,  L,  =          scale-divisions. 


Mean  first 
throw,  d. 

Value  of 
.      «        d 

sin  —  =  —  =- 

2         4L 

approximately. 

Box 

resistance,  r 
ohms. 

Total  resistance, 
R  =  r  +  rE  +  G. 

Galvanometer 
constant, 

K-       NF 

Corrected 
mean  gal- 
vanometer 
constant. 

iosR  sin- 

2 
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Inferences. — State  in  words  what  the  above  constant  really 
means.  Are  any  corrections  necessary  in  the  formula  to  make 
it  correct? 


84.  Standardization  of  Standard  Magneto= 
inductor  (Capacity  Method). 

Introduction. — It  will  be  evident,  on  considering  the  pre- 
ceding methods,  that  a  standard  inductor  can  be  calibrated  by 
comparison  either  with  a  standard  solenoid,  condenser,  or  earth 
coil.  The  present  method  is  chosen  as  an  example  of  the  mode 
of  procedure,  because  it  is  easily  manipulated  and  independent  of 
the  earth's  field. 

Apparatus. — Standard  inductor  to  be  tested,  I ;  sensitive 
ballistic  galvanometer,  G;  standard  condenser,  C  (p.  354);  box 
of  known  resistances,  ;-;  battery,  B,  of  known  E.M.F.,  or,  if  this 
is  unknown,  a  standard  voltmeter  to  measure  the  P.D. ;  two-way 
spring  tapping-key,  K  (p.  327);  ordinary  spring  tapping-key,  K3 ; 
damping  coil  (p.  349)  with  its  cell  and 
key. 

Observations.— (i)  Connect  up  as 
in  Fig.  66,  and  adjust  the  galvanometer 
needle  to  zero. 

(2)  Ki  and  K2  being  open,  adjust  r 
to  a  low  value,  such  that  pressing  K3 
nearly  a  full-scale  throw  dl  is  obtained  on 
slipping  on  I.  Note  this  value  of  dl  and 
the  box  resistance  ;•  ohms. 

(3)  K3  being  open,  adjust  the  capacity  C  to  such  a  value  that 
on  closing  K2  for  2  or    3    seconds,  then  opening   it,  and   im- 
mediately closing  Ki,  a  first  throw  d^  is  obtained  on  discharging 
C,  as  nearly  as  possible  equal  to  the  former. 

N.B. — Two  or  three  throws  should  be  taken  in  both  (2) 
and  (3),  and  the  means  noted  as  being  more  accurate. 

(4)  Repeat  (2)  and  (3)  for  about  ten  different  decreasing  pairs 
of  throws  by  altering  r  and  C. 
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(5)  Calculate  the  total  magnetic  flux  in  the  air-gap  of  the 
inductor  from  the  relation  — 


N 


Tabulate  as  follows  :  — 


Standard  inductor,  ;  turns,  N,  =  ;  resistance,  rE,  =  ohms. 

Galvanometer  resistance,  G,  =  ohms  ;  P.D.  used,  V,  =  volts. 


Mean  first  throws. 

Resistance  in  ohms. 

Capacity 
in  micro- 
farads, c. 

P.D.  if 
variable,  V. 

Total 
flux,  F. 

Mean 
flux. 

</,. 

<v 

In  box, 
r. 

Total, 
R  =  r  +  rK  +  G. 

Inferences. — Show  how  the  relation  given  in  (5)  can  be 
obtained,  and  state  any  assumptions  made  in  obtaining  it.  Is  any 
correction  required  for  high  accuracy  in  the  relation  for  F  ? 


85.  Determination  of  the   Relative   Induc= 

tivities  of  Materials 
(Induction  Balance  Method). 

Introduction. — The  form  of  induction  balance  which  will  be 
used  in  the  following  tests  is  the  one  introduced  by  Hughes,  a 
description  of  which  will  be  found  on  p.  356.  The  extreme 
sensitiveness  of  the  induction  balance  to  minute  differences  of 
electric  conductivity  and  magnetic  permeability  enable  a  very 
interesting  and  instructive  series  of  observations  to  be  carried  out. 
The  relative  effects  and  inductivities  will  be  determined  by  what 
we  may  term  the  "  zero  "  telephone  method,  i.e.  by  balancing  each 
material  in  the  same  way  and  against  the  same  arrangement,  so 
that  no  sound  occurs  in  the  telephones. 

Apparatus. — Hughes'  induction  balance  complete,  with  two 
telephones,  battery,  interrupter,  and  materials  to  be  experimented 
upon. 

Observations.— (i)  Connect  the  two  telephones  in  parallel, 
and  across  the  two  terminals  of  the  secondary  coils  marked  S. 
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Join  the  two  terminals  of  the  primary  coils  marked  P  in  simple 
series  with  the  battery  and  interrupter,  which  should  be  placed 
as  far  away  from  the  balance  as  possible,  so  as  not  to  interfere 
with  the  hearing  at  the  telephones.  A  long  length  of  flexible 
twin  electric  lighting  lead  should  be  used  for  the  purpose.  Wind 
the  interrupter  up  if  necessary,  but  not  to  the  full  extent,  so  as  not 
to  overwind  it. 

(2)  Start  the  interrupter,  by  turning  the  lever  controlling  its 
clockwork,  place  a  telephone  to  each  ear,  and  with  no  metal  in 
or  near  the  coils  of  the  balance,  adjust  the  small  ivory  set  screw 
which  raises  or   lowers   the   top  right-hand  coil   until  no  sound 
is  heard   in  the  telephones.     The   balance   is  now  adjusted  to 
"  zero." 

(3)  Place  the  metal  wedge  with  its  attached  millimetre  scale 
between  the  guides  of  the  left-hand  top  coil  and  a  wooden  cup  in 
the  other  top  coil.     Insert  one  of  the  discs,  all  of  which  are  of  the 
same  diameter  and  thickness,  in  the  cup.     Now  slowly  slide  the 
metal  wedge  along  the  guides  until  just  no  sound  is  heard  in 
the   telephones.     Note  the   scale-reading  d^  and  then  slide  the 
wedge  further  on,  and  gradually  bring  it  back  until  again  no  sound 
is  heard  ;  note  the  scale-reading  d.2  and  the  metal  used. 

(4)  Repeat  (3)  for  each  of  the  metals  provided,  noting  whether 
the  same  kind  of  sound  occurs  in  each  case,  and   tabulate  as 
follows : — 


Metal  tested. 

rfi. 

rfa. 

Mean, 
4(^1+^2)- 

N.B. — If  the  arrangement  is  not  sufficiently  sensitive,  increase 
the  battery  power.  It  will  be  observed  that  each  metal  disc  being 
balanced  against  the  same  zinc  wedge,  the  scale-readings  will  give 
a  measure  of  the  disturbing  effects  of  these  materials. 

(5)  Replace  the  wooden  cup  by  the  coil  of  insulated  wire  and 
remove  the  wedge,  and  note  the  effect,  (a)  when  the  ends  of  the 
coil  are  "free,"  (b)  when  they  are  joined  together. 

(6)  Again  insert  the  cup,  and  note  the  effect,  (c]  when  a  disc 
of  non-magnetic  material,  (d)  when  one  of  magnetic  material,  is 
inserted  with  its  plane  perpendicular  to  that  of  the  coils. 

(7)  Insert  the  two  plugs,  containing  iron  wires,  in  the  two  cups 
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placed  in  the  respective  secondaries,  and  move  the  one  which  has 
no  handle  attached  to  it  up  and  down  until  no  sound  is  heard 
in  the  telephones.  Note  the  effect  of  slightly  twisting  the  other 
wire  by  means  of  the  handle. 

Inferences. — State  very  clearly  all  the  inferences  which  you 
can  deduce  from  the  results  of  the  preceding  experiments, 
suggesting  the  causes  of  the  various  phenomena  observed. 


86.  Magnetic  Permeability  and  Hysteresis 
(Absolute  and  Comparative  Measurements). 

Introductory. — Before  proceeding  to  the  actual  methods  of 
measuring  the  various  magnetic  properties  of  materials,  it  may  be 
advisable  to  first  give  a  brief  resume  on  some  of  the  principles 
underlying  such  determinations. 

Every  magnet  is  surrounded  by  or  sets  up  a  magnetic  field 
composed  of  lines  of  magnetic  force,  and  the  intensity  of  the 
magnetic  field  at  any  point  can  be  measured  by  the  number  of 
lines  of  force  passing  through  a  square  centimetre  of  surface  placed 
across  the  field.  If  a  magnetic  pole  is  surrounded  by  a  sphere 
of  unit  radius,  and  therefore  containing  4?r  sq.  cms.  of  surface, 
there  will  be  4?r  lines  of  force  emanating  from  the  pole  if  of  unit 
strength.  In  other  words,  there  will  be  one  line  of  force  per 
square  centimetre,  which  represents  unit  field. 

Thus  a  magnet  of  pole  strength  m  has  ^rn  lines  of  force 
emanating  from  it.  A  uniformly  wound  solenoid  of  //  turns  per 
unit  length  and  carrying  a  current  A,  will  therefore  exert  a 
magnetic  force  =  4?r(A«).  Suppose  now  we  have  a  straight  bar 
of  length  /  cms.  and  section  s  sq.  cms.,  uniformly  magnetized 
and  possessing  a  pole  strength  m.  Then  M  =  ml  is  called  its 

magnetic  moment;  and  if  V  =  its  volume,  then-^.  =  —-=—  =  I 

is  the  intensity  of  magnetization  of  the  bar.    And  further,  if  this  is 
produced  by  a  magnetic  field  or  magnetizing  force  of  intensity  H, 

then  _-  is  termed  the  susceptibility  K  or  coefficient  of  magneti- 
H 

zation.     Again,  let  B  stand  for  the  magnetic  induction  or  mimber 

L 
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of  lines  of  force  per  square  centimetre  in  the  bar.  Then  B  =  4?rl 
4-  H,  and  the  ratio  between  the  magnetizing  force  H  and  the 
internal  induction  which  it  produces  in  the  bar  is  called  the 

T> 

magnetic  permeability  /x  of  the  material.     Thus  /x,  ='-—• 

XT. 

The  permeability  of  any  magnetic  material  is  therefore  a 
property  which  it  possesses,  in  virtue  of  which  a  given  magnetizing 
force  is  able  to  produce  a  certain  magnetic  induction  in  the 
material.  A  certain  magnetizing  force  is  unable  to  produce  the 
same  magnitude  of  induction  in  different  materials  having  the  same 
size  and  form.  This  is  owing  to  one  material  being  more  permeable, 
or  offering  greater  facilities  to  the  passage  of  magnetic  lines  of 
force  through  it,  than  the  other,  consequently,  although  the  same 
number  of  lines  are  generated  by  the  force  in  each  case,  they  will 
gather  up  in  and  flow  through  that  material  which  has  the  greater 
permeability,  in  larger  numbers  than  in  the  other.  For  cores 
of  air  or  non-magnetic  materials,  B  cc  H  directly,  //.  being  =  i 
approximately.  The  dimensions  of  either  H,  B,  or  I  are  of  the 

force  (mass)* 

°rder  pole"  stFenp?  °r  (length)*  X  (time)'  The  methods  for 
measuring  permeability  may  be  classified  as  follows  : — 

A.  Magnetometric  or  steady  deflection  methods. 

B.  Balance  or  null   deflection  methods,   applicable  to  com- 
parative tests  of  two  or  more  samples  of  material. 

C.  Ballistic  or  inductive  methods. 

D.  Traction  methods. 

E.  Optical  methods,  which  are  suited  for  measuring  the  per- 
meability in  intense  magnetic  fields. 

In  the  following  pages  we  shall  only  consider  methods  A,  B, 
and  C,  and  these  we  may  now  proceed  with. 


87.  Measurement  of  Magnetic  Permeability 
(Magnetometer  Method). 

Introduction.  — This  method,  which  is  very  generally  associated 
now  with  the  name  of  Professor  Ewing,  who  has  employed  it  in  a 
large  amount  of  research  work  in  magnetism  undertaken  by  him, 
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is  one  in  which  the  magnetic  qualities  to  be  measured  are  deduced 
from  the  steady  deflections  of  a  suitable  magnetometer  needle, 
affected  by  the  specimen  to  be  tested.  It  is  only  applicable  to 
long  straight  rods  of  the  material  for  the  following  reasons. 
When  a  rod  of  magnetic  material  is  uniformly  wound  with  insulated 
wire  and  magnetized  by  a  current  sent  through  the  coil,  it  develops 
free  magnetism  and  definite  polarity  at  its  ends,  which  exerts  a 
demagnetizing  influence  or  force,  opposing  the  main  ^magnetizing 
force  due  to  the  coil.  This  effect  becomes  less  marked  as  the 
rod  is  longer,  owing  to  the  ends,  in  which  the  free  magnetism 
chiefly  resides,  being  too  far  away  from  the  middle  regions  to 
affect  the  magnetic  force  there.  If  the  rod  is  very  long  (300  to 
400  diameters),  the  magnetization  will  be  practically  uniform 
throughout  a  considerable  portion  of  its  middle  region,  though 
falling  off  towards  the  ends.  In  such  cases  no  correction,  i.e. 
deduction,  need  be  applied  to  the  magnetizing  force,  as  calculated 
in  the  ordinary  way  from  the  current-turns,  in  order  to  obtain  the 
actual  magnetizing  force  producing  a  given  induction.  Hence 
the  importance  of  using  long  straight  rods.  We  must  now  see 
what  the  numerical  value  is  of  the  correction  to  be  applied  when 
the  rod  is  not  long  enough  to  neglect  the  demagnetizing  action  of 
its  ends.  The  correction  may  be  obtained  approximately  by 
treating  the  long  cylindrical  rod  as  a  very  long  ellipsoid.  Thus, 
if  //  is  a  number  depending  on  the  relation  of  the  length  of  the 
ellipsoid  to  its  transverse  dimensions,  and  if  H  =  the  effective 
magnetizing  force  producing  an  induction  B,  and  Hj  =  the  total 
magnetizing  force  as  would  be  obtained  from  the  ampere  turns  in 
the  usual  way,  and  I  =  intensity  of  magnetization  — 


"R   —    TT 

where  I  =  —       —  ,  and  if  the  material  is  very  permeable  to  mag- 
netic lines  of  force,  B  will  be  large  compared  with  H. 

T) 

Hence  I  will  =  —  very  approximately 
and  therefore  H  =  Hx  ---  .  B  very  approximately 
The  following  table  gives  a  few  values  of  ;/  and    ^,  worked 
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out  by  Professor  Evving,  for  different  ratios  of  length  to  breadth 
in  ellipsoids : — 

TABLE  V. 


Length 
Breadth 

n. 

n 

47T 

50 

0-OI8I7 

0-001446 

100 

0-00540 

0-000430 

200 

O-OOI57 

O-OOOI25 

300 

0-00075 

o  "000060 

400 

o  '00045 

O-OOOO37 

500 

0-00030 

0000024 

Hence,  if  our  long  straight  rod  of  circular  section  was.  300 
diameters  long,  the  effective  magnetizing  force  H  =  Hx  —  0*00006  .  B 
approximately.  We  therefore  see  that  even  if  B  were  carried 
up  to  20,000  C.G.S.  lines,  the  above  deduction  would  be  only  1*2 
when  the  rod  was  300  diameters  long. 

Another  interesting  phenomenon  is  that  in  connection  with 
unclosed  cores  or  rods  of  magnetic  material.  When  a  magnetizing 
force  is  removed,  the  residual  magnetism  still  left  in  is  partly 
or  wholly  annihilated  by  some  force  at  or  near  the  ends  of  the 
specimen.  Long  rods  show  this  in  a  much  more  marked  degree 
than  short  ones,  and,  if  long  enough,  completely  demagnetize 
themselves. 

Another  effect,  known  as  "magnetic  lag,"  or  "creeping,"  is 
particularly  noticeable  in  some  specimens.  It  consists  in  a  gradual 
creeping  up  of  the  magnetization  after  the  particular  magnetizing 
/orce  has  been  applied.  This  is  more  apparent  as  the  rod  or 
specimen  is  thicker,  and  is  especially  so  in  the  case  of  unannealed 
and  hard  materials,  when  the  full  induction  may  not  be  obtained 
for  several  seconds,  and  even  minutes,  after  application  of  the 
magnetizing  force.  In  such  cases  the  magnetometer  method  is 
the  only  available  one  for  use  in  order  to  obtain  accurate  results. 

There  are  three  modes  of  procedure  available  in  performing 
this  method,  depending  respectively  on  the  relative  positions  in 
which  the  specimen,  with  its  magnetizing  coil,  is  placed  with  regard 
to  the  magnetometer  needle  when  unaffected  by  external  mag- 
netism, and  therefore  at  rest  in  the  magnetic  meridian.  These  we 
shall  now  consider,  and  call  A,  B,  and  C. 
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A.  POSITION  OF  SPECIMEN. — This  is  shown  in  plan  symboli- 
cally in  Fig.  67,  and  is  known  commonly  as  the  "  A.  position  of 
Gauss"  RR  is  the  magnetic 
meridian  of  the  earth,  XY  the 
magnetometer  bench,  NS  the 
specimen  and  its  solenoid,  us 
the  magnetometer  needle.  Thus 
it  is  seen  that  the  magnetic  axis 
of  the  solenoid  NS  is  perpen- 
dicular to  the  magnetic  meridian,  passes  through  the  centre  of 
the  needle  us,  and  lies  in  a  horizontal  plane. 

If  V  =  the  volume  in  cubic  centimetres  of  the  specimen, 
Hj  =  magnetizing  force  of  the  solenoid, 
HE  =  the  horizontal  component  of  the  earth's  magnetic  force 

at  the  needle, 

and  0°  =  the   steady   angular   deflection   of  the  needle  for  the 
position  shown  and  some  particular 
magnetizing  force  H15  then — 


The  permeability  of 
the  specimen  p 


47r(^2-/2)HE 
V2d 


H 


B.  POSITION  OF  SPECIMEN. — This  is  shown  in 
plan  symbolically  in  Fig.  68,  and  is  known  as  the 
"  B.  position  of  Gauss"  The  lettering  corresponds 
with  that  of  the  various  details  of  the  previous 
figure,  and  need  not  again  be  explained. 

Here  it  will  be  observed  that  the  magnetic 
axis  of  the  solenoid  NS  is  still  perpendicular  to  the 
magnetic  meridian  RR,  and  lies  in  a  horizontal 
plane  passing  through  the  needle,  but  the  axis  does 
not  pass  through  the  needle.  We  now  have — 


FIG.  68. 


/2)*HE  tan  0°    . 
The  permeability  of  the  specimen  /*  =  rr 


C.  POSITION  OF  SPECIMEN.  —  This  is  shown  partly  in  plan  and 
partly  in  perspective  symbolically  in  Fig.  69,  and  is  known  as  the 
"  one-pole  position"  It  will  be  seen  that  now  the  magnetic  axis  of 
the  solenoid  NS  is  vertical,  but  does  not  cut  the  needle,  also  that 
the  line  joining  the  needle-centre  and  upper  pole  of  NS  is  per- 
pendicular to  the  magnetic  meridian  RR. 
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If  D  =  distance  between  needle-centre  and  lower  pole, 

d=  „  „  „  upper  pole,  then— 

rr-u  i_f*      r  i  •  47rHEtan#° 

1  he  permeability  of  the  specimen  //,  =  — 


where   S  =  cross-sectional   area   of    the    rod    in    square   centi- 
metres, 

and  VE  =  vertical  component  of  the  earth's  magnetic  force  at 
the  place  where  the  test  is  formed,  and  =  HE  tan  </>, 
where  </>  =  "  angle  of  dip  "  at  that  place. 

We  thus  see  that  in  this  magnetometer  method  either  HE  or 
VE,  or  both,  must  be  accurately  known,  and  the  test  ought  to  be 
,  performed  in  a  room  in  which 

!R  there  are  no    iron   pipes    or 

girders,    etc.,    as    such    may 
seriously  affect  the  values  of 
•     those  earth  components,  the 
first  of  which  directs  or  con- 
trols    the    needle,    and    the 
FIG-  69-  latter  the  value  of  the  effec- 

tive magnetizing  force.  Hence  for  accurate  work  it  is  important 
to  determine  these  components  just  before  an  experiment  at 
the  place  where  the  magnetometer  is  used.  This  can  be  most 
easily  accomplished  as  follows :  Place  a  small  magnetic  needle 
in  the  stirrup  of  the  instrument  shown  on  p.  335,  which  must 
be  placed  where  the  magnetometer  is  to  stand.  Now  give 
the  needle  a  motion  of  rotation  (about  10°  or  15°  of  arc)  by 
bringing  a  magnet  near  it,  which  must  then  be  taken  right 
away.  Count  and  note  the  time  T  taken  for,  say,  twenty  complete 
oscillations,  each  being  counted  from  one  middle  position  of  a 
swing  to  the  next  but  one,  when  the  needle  is  again  moving  in 
the  same  direction.  Thus  the  periodic  time  of  oscillation  will  be 

T 

seconds  =  /,  say.     Next,  take  the  instrument  to  a  part  where 
20 

the  earth's  field  HE'  cannot  be  affected,  taking  care  not  to  jar  the 
needle  in  removing,  again  note  the  periodic  time  /E  in  a  similar 
manner  as  before.  Then,  since  the  respective  field  intensities 
are  inversely  proportional  to  the  square  of  the  periodic  times 
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for  the  same  needle,  we  have,  if  HE  =  field  at  the  magneto- 
meter— 

H^E"TT  r 
E  =  ~^>  ttfij 

the  value  to  use  in  the  equations. 

In  the  preceding  formulae  the  angular  deflection  0°  is  assumed 
to  be  that  due  to  the  specimen  alone.  In  order  that  this  may  be 
the  case,  a  compensating  coil,  consisting  of  a  few  turns  of  wire  on 
a  wooden  bobbin,  is  connected  in  series  with  the  main  solenoid, 
and  is  so  placed  that  when  a  fairly  strong  current  is  sent  through 
both,  no  deflection  of  the  magnetometer  needle  occurs.  This  is 
the  best  way,  but  if  no  compensating  coil  is  used,  the  effect  of 
the  solenoid  alone  can  be  allowed  for  by  noting  the  deflection 
6P'  produced  by  it  for  some  given  value  of  current  A'.  Then  the 

deflection  0°  for  any  other  current  A  would  be  f  ~0°'  ) .      Hence 

in  the  formulae  we  should  use  ( tan  0°  —  tan  ~& )  instead  of  tan  0° 

\  A    / 

simply. 

Since  the  angular  motion  of  the  needle  is  small  we  have  tan  0 

ft 
oc    0  simply  oc   -_-,  where  a  =  scale-deflection  and  L  =  distance 

2L 

from  mirror  to  scale  in  such  divisions.  When  the  method  employs 
position  C.  of  the  solenoid,  the  vertical  component  of  the  earth's 
field  will  affect  the  total  effective  value  of  the  magnetizing 
force  on  the  specimen.  This  can  be  got  over  by  sending  a 
constant  current  from  a  separate  source  through  a  small  coil 
wound  over  the  solenoid,  of  such  a  strength  as  will  neutralize  VE. 
This  should  be  done  after  the  specimen  is  completely  demagnetized 
and  in  position  inside  the  solenoid,  the  neutralization  being 
effected  when  no  deflection  of  the  needle  out  of  the  meridian 
occurs.  The  demagnetization  of  the  specimen  can  be'effected  by 
alternating  a  direct  current  from  its  maximum  value  to  O,  either 
by  means  of  a  suitable  commutator  or  one  of  those  on  an  Ayrton 
and  Perry  secohmmeter. 

An  ordinary  alternating  current  of  fairly  high  frequency  will, 
when  reduced  to  O,  do  equally  as  well. 

From  the  preceding  we  therefore  see  that,  though  the  mag- 
netometer method  is  capable  of  giving  very  accurate  results, 
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considerable  care  and  some  corrections  must  be  applied  to  obtain 
such. 

If  T  =  the  number  of  turns  on  the  magnetizing  coil, 

/  =  its  total  length  between  the  extreme  ends, 
and  A  =  current  in  amperes  flowing  through  it,  then— 


The  magnetizing  force  =  -  —  y  =  Hj  =  MrA 


where  M.f  =  —  -j  =  a  constant  ;  and  circumstances,  as  mentioned 

above,  must  decide  whether  this  is  the  effective  value. 

Apparatus.  —  Delicate  magnetometer,  bench,  and  clamp, 
or  sliding-table  to  hold  the  specimen  and  solenoid  (p.  337); 
reversing  key,  K  ;  suitable  secondary  battery,  B,  to*  supply  the 
magnetizing  current  (p.  337);  one  Daniell's  cell,  />,  or  other 
constant  E.M.F.,  together  with  a  resistance  box,  r,  for  maintaining 
a  constant  current  through  the  compensating  coil,  C  ;  sensitive 
ammeter,  A,  for  measuring  the  magnetizing  current  ;  and  a  rheostat, 
R,  for  controlling  the  latter  (p.  310);  the  specimen,  SS,  either 
wound  with  turns  of  insulated  wire  from  end  to  end  or  contained 
in  the  centre  of  a  long  solenoid,  whose  length  is  about  a  third 
again  as  great  as  the  specimen,  which  latter  may  be  300  to  400 
diameters  long  ;  this  arrangement  will  ensure  the  material  being 

very  uniformly  magnetized. 
We  shall  here  choose  the  C. 
position  of  solenoid  as  less 
liable  to  error  from  the  shifting 
of  the  poles  P  slightly  for 
various  magnetizations.  This 
usually  occurs,  but  it  would 
alter  tan  0  infinitely  less  than 
with  positions  A  and  B. 

Observations.  —  (i)  Con- 
nect up  as  in  Fig.  70,  adjust 
the  magnetometer  and  ammeter 

A  to  zero,  and  use  either  twin 
FIG.  70. 

flexible   wire   for   connections 

as  indicated,  or  run  the  leads  in  pairs  close  together  so  that  they 
may  not  affect  the  magnetometer  ns. 

(2)  Make  a   preliminary   test    to    ensure    only    a    full-scale 
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deflection  with  the  maximum  magnetization  to  be  used,  by  setting 
SS  at  some  convenient  distance  from  ns ;  then,  without  any 
specimen  inside,  send  a  fairly  strong  current  through  SS  and  C, 
altering  the  distance  of  C  to  give  no  deflection.  If  now,  on 
sending  the  maximum  current  with  the  specimen  in  position,  the 
deflection  is  off  the  scale,  move  SS  further  away,  and  repeat  until 
the  spot  of  light  keeps  on  the  scale. 

(3)  With  this  current  still  flowing,  and  the  centres  of  SS  and 
specimen  coinciding,  raise  and  lower  SS  until  the  deflection  is  a 
maximum,  and  then  fix  SS  in  this  position.     The  upper  pole  P 
will  now  be  level  with  ns. 

(4)  Completely  demagnetize  the  specimen  in  position. 

(5)  Carefully  balance  the  vertical  component  by  />,  ;*,  and  coil  Q. 

(6)  With  K  open,  make  R  a  maximum,  and  close  K,  adjusting 
the  current  to  its  lowest  value.     Note  the  current  A  amps,  and 
scale-deflection  a. 

(7)  Raise  the  current  step  by  step  so  as  to  obtain  about  fifteen 
different  deflections,  rising  by  about  equal  increments  after  the 
first  two  or  three,  which  should  be  small,  to  the  maximum,  and  note 
the  value  of  A  and  a  at  each. 

NOTE.— Sufficient  time  must  be  allowed  the  magnetization  to 
assume  or  creep  up  to  its  final  steady  value,  corresponding  to  A 
at  each  step  prior  to  reading  A  and  a. 

(8)  Calculate  the  values  of  B,  H,  and  //,  from  the  preceding 
formulae,  and  tabulate  your  results  as  follows  : — 


Material,  tested, 
Solenoid, 


;  length  = 


;  length,  /,  = 

D  = 
Distance,  L,  = 


cms. 
;  d~ : 


length    _ 
diameter  ~ 
lf=          ;  sectional  area  of  specimen,  S,  =          cms. 


;  diameter  — 


cm. 


cms. ;  H£  = 


:  V, 


scale-divisions  ;  magnetizing  turns,  T, : 


Sign  of 

Amperes, 

Hi  —  M^A 

Effective 

Scale-de- 

a 

B 

_B 

j  _B-H 

current. 

A. 

value,  H. 

flection,  a. 

tan#°-2L 

H 

4* 

(9)  Plot  two  curves,  one  with  B  as  ordinates  and  H  as  ab- 
scissae, the  other  with  ^  as  ordinates  and  B  as  abscissae. 

Inferences. — Prove  the  formulae  for  /u.  given  in  the  intro- 
duction, and  state  any  assumptions  made  in  obtaining  them.  State 
clearly  all  the  inferences  which  you  can  draw  from  the  results  of 
your  test. 
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88.  Measurement  of  Magnetic  Permeability 
(Ring  Ballistic  Method). 

Introduction.  —  It  has  been  pointed  out  in  connection  with 
the  magnetometer  method  that  prejudicial  effects,  due  to  the 
demagnetizing  action  of  the  ends  of  a  straight  bar  on  the  mag- 
netizing force  at  its  central  region,  are  introduced,  and  must  be 
corrected  for  unless  the  bar  is  very  long  compared  with  its 
diameter.  This  action  ceases  to  exist  when  the  bar  takes  the 
form  of  a  circular  continuous  or  "  endless  "  ring,  whose  actions 
therefore  in  this  respect  approximate  to  those  of  a  long  straight 
bar.  Such  a  ring  possesses  no  free  magnetism  —  in  other  words, 
is  non-polar  —  and  if  completely  overwound  uniformly  with  a 
magnetizing  coil,  allows  none  of  the  magnetic  lines  to  leave  the 
iron.  The  magnetic  force,  however,  is  not  quite  uniform  through- 
out, being  greatest  at  the  inner  periphery  of  the  ring,  and  decreasing 
with  increase  of  diameter,  i.e.  length  of  periphery.  This  is  due 
to  two  causes  :  first,  the  propensity  which  every  magnetic  field 
has  of  finding  the  shortest  path  of  least  resistance  ;  and  secondly, 
owing  to  the  'magnetizing  force  proportional  to  the  number  of  turns 
per  centimetre  length  being  greater  at  the  inner  periphery  than 
the  outer,  for  manifestly  if  1\  and  r.2  be  the  radii  of  these  from  the 
centre  of  the  ring,  n  the  total  number  of  magnetizing  turns,  and  A 
the  current  flowing  through  them,  the  magnetic  force  will  vary 


from  -       -  to  -    —  ,  which  will  be  a  minimum  when  1\  prac- 
2irt\  27rr2 

tically  =  r&  Thus  the  iron  should  have  a  small  radial  thickness 
compared  with  1\  and  ;-2,  and  for  this  reason  may  preferably  be  of 
the  form  of  a  fairly  thin  short  cylinder  rather  than  having  either  a 
circular  or  square  cross-section.  This  method  is  the  only  one  by 
which  we  are  able  to  test  the  magnetic  quality  of  a  ring,  and  when 
applied  to  such,  it  serves  to  measure  sudden  changes  of  magnetism 
only,  due  to  sudden  alterations  in  the  strength  of  the  magnetizing 
current. 

The  principle  of  the  method  consists  in  determining  any 
sudden  change  in  magnetic  induction  by  measuring  the  quantity 
of  electricity  in  the  transient  current  induced  in  a  search-coil 
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wound  over  the  usual  magnetizing  coil  of  the  specimen  to  be  tested. 
The  throw  produced  on  the  galvanometer  by  any  sudden  change 
in  magnetism,  due  either  to  making  or  breaking  the  current, 
increasing  or  decreasing  it  by  steps,  or  reversing  it,  will  be  pro- 
portional to  the  whole  quantity  of  electricity  which  passes  in  the 
transient  current,  and  hence  to  the  change  of  magnetic  induction 
within  the  coil.  If  the  search-coil  of  N2  turns  encloses  a  total 
number  of  lines  N  of  induction  and  SN  =  any  sudden  change 
which  this  undergoes,  then,  if  R2  =  total  resistance  in  ohms  of 
the  circuit  in  which  the  search-coil  is  placed,  the  galvanometer 
throw  4  scale-divisions  =  whole  quantity  of  electricity  in  the 

transient  current  =  -    —  .     The  value  of  this  can  be  found  by 

J<2 

observing  the  throw  produced  by  a  known  change  of  induction 
due  to  an  earth  inductor  of  Nx  turns,  area  Ax  sq.  cms.,  cutting 
a  field  of  strength  F.  If  Rx  now  =  total  resistance  in  ohms  of 
the  whole  circuit  (inductor  included),  the  whole  quantity  of 

2N.A.F 
transient  current  =  —  ^  —  ,  corresponding  to  a  throw  dl  scale- 


divisions 


N23N 
Hence  —  —  :  d.  = 


If  the  earth  inductor  is  kept  continuously  in  circuit,  the  resistance 
of  the  rest  of  which  remains  unaltered, 

_XT     A     T71         J 

then  Rj  =  R2  and  SN  = 


N2        4 

If  n  =  number  of  magnetizing  turns,  r  —  mean  radius  of  ring, 
then  mean  value  of  the  magnetizing  force  per  ampere  of  current 

Mf  =  ~  -  in  C.G.S.  units.     Again,  if  A  =  sectional  area  of 

the  iron  ring  in  square  centimetres,  and  the  resistance  of  the 
secondary  circuit  is  constant  all  through  the  experiment,  also  the 
corrections  for  air-space  within  the  coils  negligible,  then  the  change 
of  inductibn  per  square  centimetre  in  the  iron  corresponding  to 

one  scale-division  of  ballistic   throw  =     ,-A  !     =  B1}  say.     To 


prove  that  the  damping  effect  is  not  large  enough  to  prevent  the 
throws   being  proportional   to   the   changes   of  induction,   send 
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successively  increasing  currents  through  the  magnetizing  coils, 
and  see  whether  the  throws  vary  directly  with  the  current  when 
the  circuit  is  broken. 

In  all  cases  the  search-coil  should  have  a  small  axial  length, 
and,  generally  speaking,  should  be  placed  where  the  magnetization 
is  most  uniform,  though  in  rings  it  may  practically  be  at  any  part. 
It  should  be  wound  as  close  to  the  iron  as  possible,  and  may 
preferably  be  next  to  it  when  the  ring  is  built  up  for  permanent 
use  (p.  349).  If,  however,  the  search-coil  is  wound  outside  the 
magnetizing  coil,  and  its  area  includes  any  sensible  air-space 
between  the  iron  and  its  turns,  or,  which  is  equivalent,  copper 
space,  the  following  correction  must  be  applied.  Let  A:!  =  mean 
area  of  the  magnetizing  coil  and  H  =  magnetizing  force.  Then 
(A3  —  A2)H  lines  of  force  are  enclosed  in  this  intermediate 
equivalent  air-space. 

Hence  we  shall  now  have  — 


This  ballistic  method  can  be  carried  out  in  one  of  three  ways. 

A.  Step  by  step^  consisting  in  increasing  the  magnetizing  current 
progressively  in  steps  from  zero  to  the  maximum  without  ever 
breaking  it  ;  then  the  throw  produced  by  suddenly  increasing  the 
current  by  a  step  from,  say,  A0  to  A1}  or  AJ  to  A2,  etc.,  will  be 
proportional  to  the  change  of  induction  within  the  coil.     The 
harder  the  material  the  smaller  should  the  steps  be,  especially 
just  at  first,  in  order  to  nullify  as  much  as  possible  any  magnetic 
creeping  in  the  specimen  which  tends  to  diminish  the  throws,  which 
ought  really  to  represent  the  true  integral  change  of  induction  for 
that  particular  step  in  the  current.     Since  the  total  effect  is  given 
by  the  cumulative  effects  of  the  several  throws,  any  error  made  in 
one  of  these  will  be  carried  forward  to  the  end  ;  hence  care  should 
be  taken  to  ensure  each  being  correct. 

B.  Make  and  Break.        Here    the    current   is    increased  or 
diminished  by  suitable  degrees,  but  the  throw  is  taken  at  each 
both  by  making  and  breaking,  and  the  mean  throw  recorded.     It 
will  thus  be  evident  that  this   mode  of  procedure   would   give 
considerably  less  accurate  results  with  harder  specimens  than  the 
last. 
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C.  Reversals^  in  which  the  current  is  increased  or  diminished 
by  suitable  amounts  at  a  time,  and  the  throw  taken  on  reversing 
the  current  at  each,  the  actual  magnetization  being  then  pro- 
portional to  half  the  throw  approximately,  the  residual  magnetism 
at  each  stage  of  the  process  being  oc  £  effect  of  reversal  -  ballistic 
effect  of  breaking  the  current. 

Apparatus. — Earth  inductor,  E;  sensitive  ballistic  mirror 
galvanometer,  G,  having  a  periodic  time  of  oscillation  of  at 
least  3  sees. ;  resistance  box,  r  •  damping  coil  or  short-circuit 
key,  K;  dead-beat  accurate  ammeter,  A;  battery,  b  (p.  337); 
continuously  variable  rheostat,  R ;  key,  Kx ;  reversing  switch, 
S ;  ring  of  magnetic  material,  M,  to  be  tested,  wound  evenly 
all  over  with  magnetizing  coils,  ;;/,  and  a  narrow  search-coil,  C 

(P-  349)- 

C.  REVERSALS. 

Observations. — (i)  Connect  up  as  shown  in  Fig.  71,  and 
adjust  the  spot  of  light  to  zero.  Completely  demagnetize  the 
specimen  ring,  either  by  a 
gradually  diminishing  ordinary 
alternating  current  of  fairly  high 
frequency  or  by  a  rapidly  re- 
versed direct  current  obtained 
through  using  a  suitable  com- 
mutator. This  should  be  done 
after  first  adjusting  ;-,  so  that 
when  the  maximum  current  is 
reversed,  only  a  full-scale  throw 
is  produced. 

(2)  Adjust  R  so  as   to  get 

a  very  small  current  A;  If  the  galvanometer  needle  is  absolutely 
at  rest,  close  K,  and  then  suddenly  reverse  S,  noting  the  throw  d 
scale-divisions.  Release  K. 

(3)  Note    the  throw  dz  scale-divisions  on  treating  circuit  at 
K1}  with  the  same  current  strength  as  was  reversed  in  (2). 

(4)  Repeat  (2)   and  (3)  for    about   fifteen   continuously   in- 
creasing values  of  A  up  to  that  necessary  for  maximum  saturation. 

N.B. — At  least  two  throws  should  be  taken  at  each  current, 
and  the  mean  noted  in  each  case. 

Tabulate  your  results  as  follows  : — 
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NI  =         ;  AI  =        sq.  cms.  ;  F  =        C.G.S.  units  ;  mean  earth  inductor  throw,  d\,  = 
Ng  =         ;  A2  =              ,,        ;         turns,  n,  =              ;  r=                cms. 

Amps., 

H  =  AM,, 

d. 

*'/• 

'd*. 

Bi. 

B=^, 

=  B^ 

Rt. 

R2. 

.. 

^1 

Ias?sr 

(5)  Plot  two  curves  having  H  as  abscissae  and  B  and  Br 
as  ordinates,  also  one  with  /x  as  ordinates  and  B  as  abscissae. 

Inferences. — State  clearly  all  the  inferences  which  you  can 
draw  from  the  results  of  the  above  experiment.  What  corrections 
ought  to  be  applied  to  H  and  B  to  obtain  an  accurate  result  ? 


89.  Measurement  of  Magnetic  Permeability 
(Rod   and   Yoke   Ballistic   Method). 

Introduction. — The    method,    which   was   devised    by   Dr. 

Hopkinson,  is  a  convenient  and  fairly  accurate  one  for  testing  the 

magnetic  properties  of  tolerably 
short  straight  bars.  It  enables 
the  condition  of  endlessness  to 
be  approximated  to,  thereby 
avoiding  the  prejudicial  effects 
of  the  ends  of  the  specimen. 

The  rod  R  to  be  tested  just 
passes  freely  through  one  end  D 
_£_  of  a  massive  yoke  or  block  of 
soft  annealed  wrought  iron  I, 
the  cross-section  of  which  is 
many  times  greater  than  that  of 
R.  In  the  present  case,  the 
lower  end  of  R  butts  against 
that  of  I,  and  the  two  surfaces 
thus  in  contact  are  extremely 
carefully  faced  so  as  to  be  quite 
plane,  and  make  the  best  contact 

possible.    R  may,  however,  pass  through  the  lower  end  of  I  as  at  U. 

R  slips  through  a  flat  search-coil  CC  capable  of  sliding  between  guides 
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in  a  very  small  frame  fixed  to  the  block  at  H,  and  also  through 
the  magnetizing  coil  M,  which  practically  extends  the  whole 
length  of  I  inside.  Thus  the  conductivity  of  I  being  so  much 
better  than  R,  keeps  the  magnetic  field  solely  to  the  iron  path, 
with  the  result  that  there  is  practically  no  free  magnetism  at 
D  or  H,  and  therefore  no  demagnetizing  action  due  to  such. 
Strip  springs  fixed  to  I  and  attached  loosely  to  CC  ;  spring  the 
latter  out  of  the  influence  of  M  when  R  is  raised  sufficiently 
high.  The  arrangement  is  shown  in  Fig.  227,  p.  357.  It  may 
be  noted  that  there  is  a  thin  fibre  of  air-gap  at  H  and  D;  and 
owing  to  the  effective  area  of  the  junction  being  smaller  than  that 
of  the  yoke,  small  errors  may  arise  from  this  cause.  This 
method  is  not  very  suitable  for  determining  the  hysteresis  of  the 
specimen  R. 

A  steel  pin,  //,  passes  through  the  upper  end  of  the  rod  R 
for  the  purpose  of  obtaining  a  hold  so  as  to  withdraw  it  when  any 
particular  magnetizing  force  is  applied.  The  search-coil  need  not 
be  more  than  half  a  centimetre  thick ;  hence,  if  magnetizing  coil 
M  was  20  cms.  long,  the  uniformity  of  R's  magnetization  need  not 
be  seriously  affected.  In  fact,  the  contact  at  H,  however  good,  is 
far  more  likely  to  affect  this.  It  will  be  necessary  to  allow  for 
the  effect  due  to  the  difference  between  the  mean  area  of  CC  and 
the  sectional  area  of  the  rod  R,  in  the  manner  indicated  in  the 
preceding  "  ring  method." 

If  /  =  length  of  magnetizing  coil  of  ;/  turns,  then  the  mag- 
netizing force  at  the  centre  will  be  =  -—.  C.G.S.  units  per  ampere 

of  current. 

Again,  if  B  =  the  magnetic  induction  in  the  rod  in  C.G.S.  units, 
and  A2  =  the  cross-sectional  area  of  the  rod,  then  BA2  =  the  total 
induction  or  magnetic  flux  in  the  rod ;  hence,  if  R2  =  the  total 
resistance  of  the  search-coil  circuit,  and  N2  =  the  number  of  turns 
on  the  coil,  then,  on  lifting  R  up  so  as  to  let  CC  fly  out,  the  throw  4  on 
the  galvanometer  will  be  proportional  to  the  whole  quantity  of  elec- 
tricity in  the  transient  current,  and  will  =  — ^—2,  and  from  the 

-^2 

ring  method  we  see  that  the  throw  dv  from  the  earth-coil  will 
<*  — ^i~'     Hence>  if  A3  =  mean  area  of  CC,  we  have,  as  before, 
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the   induction    per   square    centimetre    in   the    iron    per    scale- 
division  — 


The  method  can  be  applied  in  four  ways  :  A,  "  Step  by  step  ;  " 
B,  "  make  and  break  ;  "  C,  reversals  ;  D,  detaching  R  and  allow- 
ing the  coil  CC  to  spring  out,  the  magnetizing  current  at  the  moment 
now  being  steady. 

Fig.  72  shows  a  sketch  of  the  connections  and  apparatus, 
which  is  exactly  similar  and  lettered  the  same  as  that  of  the 
preceding  ring  method.  The  student  should  now  carry  out  a  test 
on  a  specimen  precisely  as  indicated  in  this  ring  method,  tabu- 
lating results  as  shown  there. 


90.  Determination  of  the  Relative  Magnetic 
Qualities  of  Different  Samples  of  Mag= 
netic  Material. 

Introduction. — The  tests  may  be  conveniently  and  rapidly 
made  by  means  of  Hughes'  magnetometer  balance,  which  consists 
of  a  magnetizing  solenoid  Sm  and  its  compensating  solenoid  Sc 
placed,  one  on  each  side  of  a  magnetic  needle  ns,  and  with  their 
axes  in  one  horizontal  line  with  the  needle.  Sc,  which  is  connected 
up  in  opposing  series  with  Sm,  can  be  moved  towards  or  away  from 
ns,  and  clamped  in  such  a  position  that  its  magnetic  effect  on  ns 
exactly  neutralizes  that  of  S,n  alone  without  any  core.  This  being 
done  for  one  current,  it  will  be  true  for  any  other  current  strength. 
If  a  current  is  flowing  through  Sm  and  Sc,  and  a  magnetic  sample 
is  inserted  in  the  former,  the  needle  will  be  deflected,  but  can  be 
brought  back  to  its  zero  position  again  by  turning  the  controlling 
magnet  Cw.  If  the  distance  between  the  centres  of  Cm  and 
ns  =  2-3  times  the  length  of  Cm  (about),  then  the  magnetic 
effect  on  the  needle  is  proportional  to  the  angle  through  which 
Cwl  has  been  turned  from  the  vertical  in  order  to  bring  ns  back 
to  zero,  and  also  to  the  magnetic  force  exerted  by  the  specimen. 
This  is  true  for  angles  not  exceeding  60°.  The  method  we  there- 
fore see  consists  in  balancing  each  specimen  against  the  same 
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permanent  magnet,  and  being  a  "  zero  "  one,  enables  very  fail- 
results  to  be  obtained.  Two  important  tests  can  be  made  on 
specimens,  viz.  that  of  finding — (a)  the  relative  amounts  of  mag- 
netism induced  for  equal  currents ;  (/?)  the  relative  loss  in  different 
samples  due  to  magnetic  hysteresis  on  taking  them  through  a 
complete  cycle  of  magnetization. 

Apparatus. — The  magnetic  balance  (p.  355)  ;  two  or  three 
secondary  cells,  B  (p.  337)  ;  ammeter,  A ;  carbon  rheostat,  R 
(p.  307) ;  reversing  switch,  S  (p.  330). 

Observations  a. — (i)  Carefully  level  the  balance  so  that 
ns  swings  quite  freely.  Connect  up  as  shown  in  Fig.  73,  adjust 
the  pointer  of  A  to  zero,  and  unscrew  R. 

B 


FIG.  73. 

(2)  Close  S,  and  adjust  R  so  as  to  pass  a  convenient  current 
(say  i  amp.)  through  Sm  and  Sc;  then,  withCm  at  O,move  Sc  so  as 
to  make  the  images  of  the  fixed   object-pin   in   the  fixed  and 
movable  mirrors  coincide,  clamp  Sc,  and  ns  is  then  in  its  zero 
position. 

(3)  Adjust  the  current  to  0*1   amp.     Take  a  specimen,  and 
demagnetize  it  as  much  as  possible ;  then  insert  in  Sm. 

(4)  Turn  CTO  so  as  to  bring  ns  back  to  zero  position.     Note 
the  deflection  D  of  C,w  and  the  current  A  amps. 

(5)  Carefully  increase  A  to  just  o'2  amp.  without  overstepping 
it,  and  repeat  (4). 

(6)  Repeat  (4)  and  (5)  for  currents  up  to  about  1*5  or  2*0 
amps.,  rising  by  o'i  at  a  time. 

(7)  Repeat  (3)-(6)  for  two  or  three  different  specimens,  and 
tabulate  as  shown. 

(8)  Plot  a  curve  for  each  specimen  to  the  same  axes,  having 
D  as  ordinates  and  A  as  abscissae.      This   will   show  how  the 
induction  varies  with  the  magnetizing  force  for  the  specimen. 

Observations    /?. — (i)  With  C,n  and  ns  at  zero,   and  the 
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same  connections  as  above,  adjust  the  current  to  2  amps.,  say,  or 
to  a  value  sufficient  to  saturate  the  specimen.  Then,  by  varying 
R,  decrease  the  current  to  O,  reverse  by  S,  and  increase  to  the 
negative  maximum.  Then  decrease  to  O  again,  reverse,  and 
lastly,  increase  to  the  same  positive  maximum  as  at  first. 

(2)  Repeat*  this  operation  or  cycle  of  magnetization  two   or 
three  times,  finally  noting  the  deflection  D  of  Cm  to  bring  ns  to 
zero  and  the  current  A. 

(3)  Decrease  A  by  about  o'2  amp.  at  a  time  to  O,  noting  D 
for  each  current ;  then  reverse  S. 

(4)  Increase   A   by   about   0*2    amp.   at   a  time   to  negative 
maximum,  noting  D  for  each  current. 

(5)  Decrease  A  by  about  0*2  amp.  at  a  time  to  O,  noting  D 
for  each  current ;  then  reverse  S. 

(6)  Increase  A  by  about  o~2  amp.  at  a  time  to  positive  maxi- 
mum, noting  D  for  each  current. 

(7)  If  necessary,  repeat  (i)-(6)  for  different  specimens,  and 
tabulate  as  follows  : — 


a. 

0- 

Specimen. 

Deflection,  D. 

Current,  A 
amps. 

Specimen. 

Deflection,  D. 

Current,  A 
amps,  with 
right  sign. 

(8)  Plot  the  relative  hysteresis  curves  for  each  specimen, 
having  D  as  ordinates  and  A  as  abscissae,  with  due  regard  to  the 
sign  of  D  and  A. 

NOTE. — The  area  of  the  looped  curve  so  formed  is  propor- 
tional to  the  work  done,  and  therefore  to  the  energy  wasted  in 
taking  the  specimen  through  that  complete  cycle  of  magnetization. 


91.  Measurement  of  Magnetic  Hysteresis 
(Ballistically). 

Introduction. — When  a  magnetic  substance  is  subjected  to 
different  magnetizing  forces,  it  exhibits  a  tendency  to  persist  in 
any  magnetic  state  which  it  may  have  acquired.  This  is  illustrated 
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by  the  residual  magnetism  in  the  material  after  the  magnetizing 
force  has  been  wholly  withdrawn.  If  it  is  gradually  made  to 
decrease  from  a  positive  maximum  to  zero,  then  reversed  and 
increased  to  a  negative  maximum,  now  decreased  to  zero,  again 
reversed,  and  lastly,  increased  to  the  positive  maximum  from 
which  it  started,  the  curves  between  induction  B  and  magnetizing 
force  H  will  not  be  coincident,  but  will  form  a  loop  which 
represents  a  complete  cycled  magnetization.  Its  area  is  a  measure 
of  the  work  wasted  or  transformed  into  useless  heat  in  carrying 
the  iron  through  the  cycle.  With  hard  iron,  and  particularly  steel, 
the  loop  has  a  large  area,  indicating  a  large  waste  of  energy.  The 
tendency  of  the  changes  of  magnetization  to  lag  behind  the  changes 
of  magnetizing  force  is  called  magnetic  hysteresis,  and  it  may  be 
regarded  as  a  kind  of  internal  or  molecular  magnetic  friction,  by 
reason  of  which  alternate  magnetizations  cause  the  iron  to  grow 
hot.  The  effect  of  hysteresis  is  to  prevent  any  simple  relation 
existing  between  H  and  B  or  H  and  I ;  hence,  to  define  //,,  the  way 
in  which  the  iron  has  been  treated  must  be  known.  The  area  of 
the  loop,  viz.  /H  .  d¥>  approximately  =  that  of  a  rectangle,  the 
height  of  which  is  double  the  remanence  and  the  breadth  double 
the  coercive  force.  The  curves  forming  the  loop,  which  is  usually 
called  the  B  —  H  curve  of  hysteresis,  can  be  conveniently  deter- 
mined by  the  step-by-step  ballistic  method. 

Apparatus. — The  same  as  that  for  the  Permeability  Test  for 
Rings  (Ballistically). 

Observations. — (i)  Connect  up  the  apparatus  as  shown  in 
Fig.  71,  and  adjust  the  galvanometer  needle  to  zero.  With  K  open 
and  Kj  closed,  take  the  specimen  through  two  or  three  complete 
cycles  of  magnetization  in  the  way  indicated  above,  stopping  at 
the  positive  maximum,  but  still  allowing  this  positive  maximum 
current  to  continue  to  flow. 

(2)  With  S  in  its  last  position  in(i),  and  K,  Ka  closed,  quickly 
increase  ;*2  so  as  to  suddenly  reduce  the  current  by  a  suitable  amount 
to  a  lower  value  Ax  amps.     Note  this  and  the  throw  d\  divisions. 

(3)  From  this  new  current  value  Aa  take  the  specimen  through 
one  complete  cycle,  ending  at  the  same  value  Aj. 

(4)  Repeat  (2)  and  (3)  alternately  for  about  five  equal  decre- 
ments of  current  down  to  zero. 

(5)  Reverse  the  direction  of  magnetizing  current  by  means 
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of  S,  and  with  K,  Kj  closed,  obtain  throws  for  about  ten  sudden 
equal  increments  of  current,  with  one  cycle  after  each  throw,  up 
to  the  negative  maximum,  as  indicated  in  (3). 

(6)  Repeat  (2)-(4),  with  S  in  position  used  in  (5). 

(7)  Reverse  the  current,  and  repeat  (5)  up  to   the  positive 
maximum. 

NOTE. — Care  must  be  taken  that  no  error  is  made  in  measuring 
the  throw  at  any  step,  as  it  will  cause  an  error  in  all  future  readings. 
To  avoid  this,  three  throws  should  be  taken  at  each  current,  and 
the  mean  noted.  The  amount  of  magnetism  at  any  stage  is  given 
by  the  algebraical  sum  of  the  throws  up  to  that  point ;  hence  care 
must  be  taken  to  affix  the  right  sign. 

Tabulate  as  follows  : — 


NI  =                  ;  AI  =                sq.  cms.  ;  F=            C.G.S.  units. 
Ng  =                 ;  A2  =                     „       ;  turns,  n,  =                  ;  r  =                cms. 

Amperes, 

H  =  AM/. 

Throw, 
4. 

BI- 

Throws  with 
proper  sign, 
Dl,  D2)  .  .  . 

Algebraical 
sum,  eD. 

Induction, 
B  =  Bi€D. 

Rl- 

TJ 

For  the  various  symbols,  see  experiment  on  Permeability 
(Ring  Method). 

(8)  Plot  the  B  —  H  curve,  reckoning  axes  north  and  east 
positive  and  south  and  west  negative,  and  having  B  on  the 
ordinates. 

Inferences. — State  clearly  the  inferences  you  can  draw  from 
the  results  of  the  above  experiment.  Find  the  residual  magnetism, 
as  a  percentage  of  the  induced,  also  the  watts  wasted  in  the 
specimen,  if  the  work  done  per  cubic  centimetre  of  the  metal 

L_  area  of  loop 


47T 


per  cycle. 


If  H  and  B  are  in  C.G.S.  units,  W  will  be  in  ergs  per  cubic 

centimetre. 

WN 

If  N  =  number  of  cycles  per  second,  then  watts  wasted  =  — 7-. 

The  actual  method  of  plotting  a  B  —  H  curve  of  magnetic 
hysteresis  from  the  experimental  figures  obtained  may  not  perhaps 
be  at  first  sight  perfectly  obvious  to  every  student.  The  method 
of  procedure,  therefore,  is  as  follows  : — 

Take  any  point  A  as  a  temporary  origin,  from  which  draw  the 
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two  rectangular  axes,  AC  and  AD.  Arrange  so  that  the  ordinates 
AC  represent  the  figures  in  the  column  headed  B  of  the  table,  and 
the  abscissae  AD  those  in  the  column  under  H.  Now,  on  plotting 
in  the  usual  way  the  first  half  of  the  two  columns  up  to  the 
negative  maximum  for  H,  we  obtain  the  curve  APSjA^  next 
plotting  the  return  set  of  figures, 
or  last  half  of  these  columns,  we 
get  the  curve  A^SA.  These  two 
curves  will  probably  not  coincide 
at  A.  However,  together  they 
form  a  complete  cycle  of  magneti- 
zation. Next  halve  AC,  the  verti- 
cal distance  between  A  A,,  drawing 
the  horizontal  line  XOXX.  Simi- 
larly bisect  AD,  the  horizontal 
distance  between  AA1}  drawing 
the  vertical  line  YOY15  intersecting 
XOX,  in  the  point  O,  which  is  the 
true  origin  of  the  cyclic  curve. 
Now  renumber  the  abscissae  XX, 
either  way  from  O  with  the  same 
scale  as  AD;  also  renumber  the 
ordinates  YY,  each  way  from  O 
with  the  same  scale  as  AD.  Then 
OX  and  OXi  will  represent  +H  and  —  H  respectively,  while 
OY  and  C^  will  represent  +  B  and  —  B  respectively. 

OP,  the  induction  which  remains  after  the  magnetizing  force  H 
is  gradually  reduced  from  its  maximum  to  O,  is  called  the 
remanence,  or  retentiveness,  and  the  magnetizing  force  OSt  required 
to  annul  the  induction  is  called  the  coercive  force  of  the  material. 


FIG.  74. 


92.  Measurement  of  Magnetic  Hysteresis 
(Magnetometer  Method). 

Introduction. — This  method  only  differs  from  the  corre- 
sponding one  for  measuring  magnetic  permeability  solely  in  the 
manner  in  which  the  magnetizing  current  is  varied.  It  forms  a 
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convenient  and  accurate  means  of  measuring  the  magnetic  hysteresis 
of  any  material,  and  is  eminently  suited  for  testing  those  materials 
which  possess  considerable  magnetic  lag  and  creeping.  The 
remarks  made  in  connection  with  the  permeability  test  by  the 
magnetometer  method  (pp.  146-153)  apply  in  the  present  instance 
precisely,  and  therefore  the  reader  is  referred  to  that  test  for  all 
details  of  the  method. 

Apparatus.' — Same  as  in  the  above-named  method. 

Observations.— (i)  Carry  out  Obs.  (i)-(8)  of  that  test  exactly 
as  there  indicated,  but  do  not  break  the  magnetizing  circuit 
when  the  maximum  (which  will  be  termed  the  positive)  has  been 
reached. 

(2)  Reduce  this  current  in  about  three  or  four  steps  to  O, 
noting  its  value  A  and  the  steady  scale-deflection  a  at  each. 

N.B. — The  deflection  a,  when  A  =  O,  gives  the  remanence^ 
or  residual  magnetism,  in  the  specimen. 

(3)  Reverse  at  K  and  close  it,  repeating  Obs.  (7)  up  to  the 
negative  maximum. 

(4)  Repeat  (2)  above,  down  to  zero. 

(5)  Reverse  at  K,  and  close  it,  repeating  Obs.  (7)  again  up 
to  the  positive  maximum,  thereby  completing  one  cycle  of  mag- 
netization. 

(6)  Calculate  the  values  of  B  and  H,  and  tabulate  as  shown. 

(7)  Plot  the  B  —  H  curve  of  magnetic  hysteresis,  having  B  as 
ordinates  and  H  as  abscissae,  paying  every  regard  to  "  sign,"  and 
reckoning  axes  north  and  east  as  positive  and  south  and  west  as 
negative. 

Inferences. — State  any  inference  you  can  draw  from  the  above 
test.  Find  the  watts  wasted  in  the  specimen  and  the  residual 
magnetism  as  a  percentage  of  the  induced. 


93.  Capacity 
(Absolute  and  Comparative  Determinations). 

Introductory. — Without  in  any  way  considering  the  actual 
practical  methods  of  constructing  condensers,  in  connection  with 
which  we  are  most  frequently  accustomed  to  speak  of  capacity,  the 
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following  remarks,  which  apply  generally  to  all  such  apparatus, 
are  perhaps  necessary  to  impress  upon  the  reader  the  various 
terms,  phrases,  and  phenomena  met  with  in  this  class  of  work. 

A  condenser  may  be  defined  as  an  arrangement  of  two  con- 
ductors separated  by  an  insulator;  the  former  are  called  the 
coatings,  and  the  latter  the  dielectric,  of  the  condenser.  If  the 
poles  of  a  source  of  E.M.F.  be  connected  to  the  respective 
coatings,  a  P.D.,  V,  will  be  acting  across  them,  and  a  quantity,  Q, 
of  electricity  will  flow  into  the  condenser.  It  will  then  be  found 

that,  if  there  is  no  leakage,  Q  oc  V,  or  ~  =  C  (a  constant),  which 

is  called  the  capacity  of  the  condenser.  Hence  the  capacity  of 
any  condenser  is  the  quantity  of  electricity  required  to  be  given 
to  either  coating  in  order  to  produce  unit  potential  difference 
between  the  coatings.  The  unit  of  capacity  is  called  a  farad, 
and  =  io~9  C.G.S.  absolute  units  of  capacity.  A  condenser  has 
a  capacity  of  i  farad  when  a  P.D.  of  i  volt  between  its  coatings 
charges  each  of  them  with  i  coulomb. 
Since,  also— 

Q       quantity       current  x  time  time 

~  V '  ~  potential  ~        potential        ~  resistance 

we   see   that   the   dimensions   of  capacity  are   of  the   order   of 

time  time  T       T2    .        time 

or  T  =  -?-»  *•*•  r^T^u    m     the     electro- 


resistance'      "  velocity'        L       L'         length 

T 
magnetic  system  of  units.     This  "  absolute  unit "  is  far  too  large  to 

deal  with,  and  even  the  farad,  which,  as  we  see,  is  only  -~9  of  this 

absolute  unit,  is  a  great  deal  too  large  for  practical  purposes,  so 
that  a  smaller  unit  =  one-millionth  part  of  a  farad,  and  called, 
consequently,  a  microfarad,  is  universally  adopted.  Hence  i 
microfarad  =  io~15  C.G  S.  unit.  When  a  condenser  is  charged, 
some  time  elapses  before  its  terminal  P.D.  rises  to  its  maximum 
value,  or,  in  other  words,  before  the  whole  charge  is  absorbed  or 
gets  in,  which  does  not  occur  immediately.  This  "  soaking  in," 
so  to  speak,  is  due  to  surface  action  in  the  dielectric.  Similarly, 
on  discharging,  the  whole  of  the  previous  charge  is  not  removed 
immediately;  some  has  soaked  in  giving  rise  to  what  is  called 
a  residual  charge,  part  of  which  can  be  obtained  on  again 
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discharging,  and  a  condenser  exhibiting  such  properties  is  said 
to  possess  residual  absorption.  Again,  if  the  condenser  is  not 
well  insulated,  the  charge  "will  slowly  leak  away,  independent  of 
any  proper  discharge.  We  thus  see  that  the  actual  capacity  of  a 
condenser  is  a  more  indefinite  quantity  than  we  are  accustomed 
to  regard  it,  and  this  is  due  to  absorption,  leakage,  residual 
charge,  etc.  In  fact,  the  capacity  of  any  condenser  depends  on 
those  quantities,  together  with  the  time  for  which  it  is  charged  or 
discharged,  and  the  manner  of  doing  this.  Hence  the  difficulty 
of  obtaining  a  very  accurate  measure  of  the  capacity  of  condensers 
by  any  of  the  following  methods  will  be  apparent.  Possibly  the 
best  definition  of  the  capacity  of  a  condenser  is  that  it  is  the 
instantaneous  quantity  or  charge  required  to  produce  unit  P.D. 
between  the  coatings. 

The  method  to  be  adopted  in  any  particular  instance  will 
depend  on  the  needs  of  the  case,  the  apparatus  at  hand,  and  the 
type  of  capacity  to  be  tested.  For  instance,  much  residual 
absorption  in  the  "  direct  deflection  "  and  "  bridge  "  methods  leads 
to  inaccurate  results,  whereas  the  "  method  of  mixtures  "  is  not  so 
much  affected  by  it.  Thus  it  will  be  seen  that  one  method  may 
give  accurate  results  when  one  particular  phenomenon  is  present, 
whereas  another  method  would  be  quite  inaccurate.  In  most 
cases  null  methods  are  to  be  preferred,  and  invariably  high  in- 
sulation is  absolutely  necessary.  It  is  important  to  note  that  the 
quantity  of  electricity  required  to  charge  a  condenser  is  quite 
independent  of  the  resistance  of  the  circuit,  but  the  time  required 
to  charge  increases  as  the  resistance  increases.  If  C  =  capacity 
of  the  condenser  in  microfarads  and  R  the  resistance  in  megohms 
through  which  it  is  charged,  then  CR  is  called  the  "  time  con- 
stant "  of  the  condenser  and  will  be  in  seconds ;  and  practically  a 
condenser  becomes  fully  charged  in  a  time  =  SCR  or  loCR 
sees.  In  deflection  methods,  a  sensitive  ballistic  galvanometer 
will  be  required,  having  a  periodic  time  of  oscillation  not  less  than 
about  2  or  3  sees.  The  damping  will  not  be  very  important,  as 
all  throws  are  affected  in  the  same  manner,  though  it  should  be 
small.  A  galvanometer  resistance  of  from  5000  to  10,000  ohms 
is  common  in  very  sensitive  instruments. 

The  standard  condenser  (such  as  that  illustrated  on  p.  354), 
which  is  a  most  convenient  one  for  use  both  in  comparative 
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determinations  and  those  requiring  only  one  condenser  of  known 
capacity,  should  possess  the  two  all-essential  properties  of  high 
insulation  and  accuracy. 

If  the  former  is  low  in  any  part,  it  will  not  hold  its  charge 
for  any  appreciable  time,  and  cannot  therefore  be  used  with  any 
degree  of  success. 

The  insulation  resistance,  which  may  amount  to  many  thou- 
sands of  megohms,  if  high  enough  may  enable  the  condenser  to 
retain  its  charge  for  an  hour  or  two  without  appreciable  loss. 

A  high  potential  difference  applied  to  a  condenser  for  a  con- 
siderable period  may  so  strain  the  dielectric  that  it  might  take 
days  to  discharge  and  attain  its  original  neutral  condition. 


94.  Leakage,   Absorption,    and   Residual 

Charge   in   Condensers 
(Experimental    Determinations). 

Introduction.  —  In  a  perfect  condenser  it  has  just  been 
remarked  that  the  above  phenomena  are  absent ;  in  an  air  con- 
denser they  are  usually  present  to  a  slight  extent  only ;  but  in  the 
ordinary  condenser  they  are  in  force  to  a  much  greater  extent. 
The  following  observations  are  arranged  with  a  view  to  obtaining 
a  concrete  idea  of  the  extent  to  which  they  are  present  in  a  given 
condenser. 

LEAKAGE. — The  amount  of  this  will  depend  on  the  insulation 
resistance  between  the  two  coatings  and  on  that  between  either 
of  these  and  earth,  and  also  on  the  material  forming  the  dielectric. 
An  idea  can  be  formed  of  the  magnitude  of  the  leakage  in  any 
condenser  during  a  given  time  as  follows  : — 

(1)  First  see  that  the  condenser  is  free,  from  dust  and  not 
dirty.     Then  charge  it  by  a  suitable  E.M.F.,  and  immediately 
discharge  it  through  a  suitable  ballistic  galvanometer,  noting  the 
first  throw  */,  produced. 

(2)  Again  charge  the  condenser  for  the  same  length  of  time 
and  with  the  same  E.M.F.,  and  let  it  stand  with  its  terminals 
quite  free  in  air  for,  say,  15  minutes,  and  then  at  once  discharge 
it  through  the  galvanometer,  noting  the  throw  4  produced. 
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Now,  evidently  the  amount  of  leakage  is  proportional  to 
d\  —  dto  and  is  ^  of  the  original  charge  in  the  15  minutes. 

.*.  it  amounts  to  ~,— 2  X  ^^  per  cent,  per  minute 
"i 

For  mica  as  the  dielectric,  this  might  be  only  about  \  to  i  per 
cent.,  but  for  paraffin  paper  it  would  probably  be  something  like 
ten  times  as  great.  In  this  way,  by  charging  several  kinds  of 
condensers  by  the  same  E.M.F.,  a  comparison  can  be  obtained 
as  to  which  is  the  best  dielectric,  providing  of  course  they  are 
built  up  with  the  same  care  in  an  exactly  similar  way. 

ABSORPTION  AND  RESIDUAL  CHARGE.  —  These  phenomena, 
occurring  as  they  do  together,  will  be  considered  in  conjunction 
with  each  other,  for  the  latter  is  a  result  of  the  former. 

They  occur  to  a  greater  or  less  extent  in  all  condensers 
having  either  a  solid  or  fluid  dielectric,  and,  as  will  be  seen  later, 
tend  to  vitiate  the  results  of  comparisons  as  well  as  absolute 
determinates  of  capacity.  Electric  absorption  is  the  name  given 
to  the  phenomenon  whereby  a  condenser,  charged  with  a  long 
contact  with  the  battery,  takes  or  absorbs  a  larger  quantity  of 
electricity  than  with  a  short  contact  with  the  battery.  Thus  a 
portion  of  this  charge  is  gradually  absorbed.  Again,  if  such  a 
condenser  is  discharged,  after  a  few  minutes'  rest  another  smaller 
discharge  can  be  taken  from  it,  and  again  another  after  a  further 
rest,  and  so  on,  before  it  is  ultimately  completely  discharged. 
Thus  a  "  residual  charge  "  seems  to  be  left  behind  after  each  dis- 
charge, which  phenomenon  is  known  as  "  residual  absorption." 

By  means  of  the  following  method  of  procedure  we  can  deter- 
mine how  the  absorption  or  soaking  in  of  the  charge,  so  to  speak, 
varies  with  the  time  of  charge. 

ELECTRIC  ABSORPTION. 

Apparatus. — Sensitive  ballistic  galvanometer,  G  (p.  285) ; 
two-way  spring  tapping-key,  K,  of  high  insulation  (p.  327),  and  a 
suitable  battery,  B,  of  fairly  constant  E.M.F. ;  condenser,  C,  to  be 
tested. 

Observations. — (i)  Connect  up  as  in  Fig.  75,  and  adjust 
the  spot  of  light  to  zero. 

(2)  After  completely  discharging  C  by  a  prolonged  short 
circuit,  press  Ki  for  an  instant^  thereby  charging  C  with  a  P.D.  =  V, 
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and  immediately  discharge  it  through  G  by  pressing  K2  with  a 
short  contact.     Note  the  first  throw  d()  on  discharge. 

(3)  Press  K2  so  as  to  discharge  C  in,  say, 
half-minute  intervals,   noting    the    respective 
first  throws  d-^  d2,  d-A,  .  .  .  up  to  about  five  in 
number. 

(4)  Now  charge  C  with  the  same  P.D.,  V, 
for  some  definite  time  by  keeping  Ki  pressed 
for,  say,  2  minutes,  and  then  immediately  dis- 
charge it  through  G,  noting  the  first  throw  */„'. 

(5)  Repeat  (3),  getting  throws  <//,  4',  4',  d^  and  di. 

(6)  Repeat  (4)  and  (5),  allowing  2  minutes  longer  for  charging 
each  time  up  to  about  six  charges,  lasting  respectively  /0,  t^  4,  /„ 
.  .  .  minutes,    and  employing  half-minute   intervals  between  all 
discharges,  and  tabulate  as  follows  :— 


FIG.  75. 


Time  taken  in 
charging,  t. 

<k. 

Residual  charge  proportional  to  first  throws. 

rfj. 

4. 

<*• 

d* 

d&. 

(7)  Plot  curves  between  values  of  /  in  minutes  as  abscissse, 
and  the  respective  sets  of  values  of  </i,  4>  4>  •  •  •  as  ordinates  on 
the  same  curve-sheet. 

Inferences. — State  clearly  all  the  inferences  which  you  can 
make  on  the  results  of  your  observations. 


95.  Relation  between  "  Time  Constant "  and 

Current  in  a  Condenser  Discharge 

(Siemens's  Deflection  Method). 

Introduction.— The  present  test  will  at  once  be  seen  to  have 
an  important  bearing  in  all  capacity  work  by  reference  to  the 
remarks  on  p.  168,  from  which  it  will  be  gathered  that  the  time 
in  which  a  condenser  takes  to  properly  charge  or  discharge 
depends  on  the  resistance  of  the  circuit  in  which  it  is  placed,  but 


1/2 


Practical  Electrical  Testing. 


that  the  actual  quantity  of  electricity  in  either  case  is  independent 
of  this  resistance. 

Apparatus.  —  Sensitive  ballistic  galvanometer,  G  (p.  285)  ; 
adjustable  very  high  known  resistance,  ;•;  charge  and  discharge 
key,  K  (p.  328);  fairly  constant  battery  of  about  ten  cells,  B; 
condenser,  C. 

Observations.  —  (i)  Connect  up  as  in  Fig.  76,  and  adjust 
the  spot  of  light  to  one  end  of  the  scale  as  a  zero. 

(2)  With  ;•  =  O,  alter  the  number  of  cells  in  B  so  as  to  get  a 

first  throw  of  the  spot  of 
light  to  the  other  end  of 
the  scale  on  charging  C  by 
closing  K.  Note  this  throw 
D0  scale-divisions. 

(3)  Adjust  r  to  such  a 
value  that,  on  pressing  K, 
the  resulting  first  throw 
=  about  yV^o'  Note  this 
throw  D  and  the  value  of  /-. 


s.76. 


(4)  Repeat  (3)  for  about  ten  values  of  D,  rising  by  about 
equal  increments  to  the  maximum.    The  throws  D  are  proportional 
to  the  current  flowing  during  discharge,  and  hence  to  the  potential 
of  the  condenser. 

(5)  To  correct  an  error  due  to  the  battery  E.M.F.  having 
altered,  repeat  (2)  again,  and  if  D()  is  now  less  than  before,  take 
the  mean  of  the  two  values. 

(6)  Determine  the  periodic  time  of  oscillation  T  of  the  galvano- 
meter needle  in  seconds,  and  tabulate  your  results  as  follows  :  — 

Capacity,  C,  =      microfarads  ;  galvanometer  resistance,  g,  —      ohms  ;  throw,  D0,  =      ; 

T  =         sees. 


Resistance,  r 
ohms. 

Total  resistance, 
(r  +  p-) 
R  =  —  megohms. 

Mean 
throw,  D. 

D 
D^ 

Time  constant, 
CR  sees. 

CR 
T 

(7)  Plot  curves  on  the  same  curve-sheet  between  D  'and  g-  as 

ordinates  and  CR  and  -~r  respectively  as  abscissae  in  each  case. 

Inferences. — State  clearly  all  you  can  infer  from  the  results 
of  your  observations. 
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96.  Comparison   of    Capacities   Ballistically 
(Direct  Deflection  Method). 

Introduction. — This  direct  discharge  or  charge  method  is 
one  of  the  simplest  for  finding  the  ratio  of  the  electrical  capacities 
of  two  condensers,  or  of  finding  the  capacity  of  an  unknown 
condenser  in  terms  of  a  known  standard  capacity.  It,  however, 
possesses  the  objection  common  to  all  such  methods,  namely, 
that  a  deflection  is  being  measured.  The  rationale  and  whole 
essence  of  the  method  consists  in  charging  the  condensers  separately 
with  the  same  or  equal  P.D.'s,  and  noting  the  respective  first 
throws  of  the  needle  or  spot  of  light  of  a  ballistic  galvanometer 
on  charging  or  discharging  them  separately  through  it,  which  are 
directly  proportional  to  the  respective  capacities.  Should  the  two 
condensers  differ  very  much  in  capacity,  so  that  when,  say,  the 
larger  gives  a  convenient  deflection  the  other  gives  too  small  a 
one,  or  vice  versa,  then  the  deflections  must  be  made  more  nearly 
equal,  either  by  shunting  the  galvanometer  and  so  reducing  its 
sensibility  with  the  larger  one,  or  using  different  P.D.'s  bearing  a 
known  ratio  to  one  another,  to  charge  the  condensers.  This 
latter  method  is  the  more  preferable  one  of  the  two,  for,  as  was 
first  pointed  out  by  Mr.  Latimer  Clark,  the  use  of  a  shunt  with 
ballistic  galvanometers  introduces  a  certain  vagueness  in  connection 
with  "  transient "  or  short-duration  currents,  which  are  dealt  with 
in  all  ballistic  work,  due  to  the  self-induction  of  the  shunt  and 
galvanometer  being  probably  very  different,  which  would  serio'usly 
affect  the  proportion  in  which  the  current  is  usually  divided  between 
these  two  branches  in  the  case  of  steady  current  work.  For  a 
more  detailed  discussion  on  this  matter,  vide  p.  113.  If,  there- 
fore, the  galvanometer  of  resistance  g  is  shunted  with  a  shunt 
of  resistance  s  when  used  with  the  larger  capacity  Q,  then  the 

relation  is  Cx  :  C2  =  — - — .  d±  :  d2  approximately,  where  dl  and  dz 

are  the  respective  first  throws  of  the  spot  of  light  in  scale-divisions, 
when  Ci  and  Q  are  charged  or  discharged,  from  which  it  will 
be  at  once  seen  that,  if  the  throw's  dl  and  d2  are  equal,  the 

s  -\-  g 
approximate  multiplying  power  — —  of  the  shunt  gives  the  ratio 
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of  the  two  capacities  directly,  and  s  could  be  adjusted  to  get 
this.  Owing  to  the  resistance  of  an  ordinary  condenser  being  so 
enormous  compared  with  that  of  any  ballistic  galvanometer,  the 
shunting  of  this  latter  with  any  resistance  does  not  appreciably 
alter  the  battery  current  from  the  resulting  diminution  of  the 
resistance  of  the  rest  of  the  circuit.  If,  instead  of  employing  a 
shunt  to  reduce  the  sensitiveness  of  the  galvanometer,  the  two 
throws  are  made  more  nearly  equal  by  using  two  different  P.D.'s, 
the  smaller,  V1}  of  which  is  used  to  charge  the  larger  capacity  d, 
and  the  larger,  V2,  to  charge  the  smaller  capacity  C2,  then  we 
have  the  relation — 

Q  =  V2  4 

C,     v/4 

where  d±  and  dz  are  the  first  throws  as  before. 

Since  merely  the  ratio  of  the  two  P.D.'s  is  required,  and  not 
their  actual  value  in  volts,  the  best  way  to  obtain  them  is  shown 
in  Fig.  77,  in  which  a  potentiometer  box,  AC,  of  total  resistance  r2-, 
is  placed  across  a  battery,  B;  then,  if 
the  two  leads  /,  /  going  to  the  charging 
circuit  pick  off  potential  respectively 
from  the  whole  resistance  ;2,  and  then 
from  a  known  fraction  AD  =  rlt  we 
have  Vj  :  V2  =  1\  :  ;2,  which  at  once 
gives  the  required  ratio  of  P.D.'s. 

In  this  test,  and,  in  fact,  with  all 
condenser  work  especially,  great  care 
should  be  taken  to  have  the  whole  circuit, 
except  the  battery,  well  insulated,  and 
consequently  the  number  of  keys  and  all  apparatus,  not  absolutely 
necessary,  should  be  reduced  to  a  minimum,  so  as  to  prevent 
leakage  from  the  condenser,  when  charged,  taking  place,  thereby 
causing  an  apparent  diminution  of  the  capacity. 

Apparatus. — Delicate  mirror  ballistic  galvanometer,  G,  of 
high  resistance  (p.  285);  condensers,  Q,  C2,  to  be  compared: 
high-insulated  Pohl's  commutator,  P  (p.  330),  and  charge  and 
discharge  spring-key,  K  (p.  328) ;  suitable  battery,  B,  of  one  or 
more  cells ;  a  suitable  damping  coil  (p.  349),  with  its  extra  cell 
and  key. 

Observations.— (i)  Connect  up  the  above  apparatus  as  in 


FIG.  77. 
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FIG.  78. 


Fig.  78.  See  that  P  and  K  are  quite  clean  and  free  from  dust, 
and  adjust  the  spot  of  light  to  zero.  Slide  out  the  little  ebonite 
plugs  on  the  terminal  rods  of  G,  and  of  Q,  C2,  if  they  have 
them. 

(2)  With  P  over  to  d  and  the  spot  of  light  absolutely  at  rest, 
press  K,  thus  charging 

Ci  through  G,  and  note 
the  first  throw  on  G. 

(3)  With     K     still 
down,  bring  the  spot  of 
light  to  zero  quickly  by 
either     a     magnet     or 
damping  coil  (p.  349) ; 
then    release    K,    thus 
discharging  Q  through 
G,   and   note   the   first 
throw  on  G. 

(4)  Repeat  (2)  and  (3)  about  four  times,  and  take  the  mean 
</!  of  all  the  throws. 

(5)  Turn  P  over  to  C2,  and  repeat  (2)-(4)  with  condenser  C2, 
obtaining  a  similar  mean  d^. 

(6)  Repeat  (2)-($)   with   about  three  different  values  of  the 
standard  capacity,  if  this  be  an  adjustable  one  such  as  that  on 

P-  354- 

(7)  If  it  is  not  adjustable,  then  repeat  (2)-($)  with  about  three 
different  magnitudes  of  scale-deflections  by  varying  the  number 
of  cells  in  B. 

NOTE. — To  see  whether  the  battery  P.D.  has  altered  after 
doing  (5),  repeat  (2)  and  (3)  again  with  condenser  d.  If,  then, 
di  has  altered,  take  the  mean  of  the  first  and  last  values  of  dv 
for  use  in  the  formula,  thus  eliminating  the  variation  when 
small. 

(8)  If  no  shunt  across  the  galvanometer  and  also  none  but  the 
same  P.D.  has  been  used,  compare  the  two  capacities,  and  calcu- 
late the  value  of  the  unknown  from  the  relation — 

d  :  C2  =  </!  :  4  approximately 
and  tabulate  your  results  in  the  following  form  : — 
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Galvanometer  resistance  =        ohms  at 


Condensers. 

Shunt, 
resistance 
(if  any),  s. 

s+g 

P.D.'s  used  (if 
different). 

First 
throws. 

Capacity. 

No.  of 
unknown. 

Value  of 
standard. 

Vi. 

V2- 

Ratio, 
V2 
V! 

4. 

d-2. 

Ratio, 

c, 

C~2 

Unknown. 

s 

' 

i 

Inferences. — Prove  the  relation  given  in  (8),  and  state  any 
assumptions  made  in  obtaining  it.  Why  is  the  relation  only 
approximate,  and  how  can  it  be  made  a  perfectly  true  one? 
What  sources  of  error  (if  any)  is  this  method  liable  to  ? 


97.    Comparison     of     Capacities 
(Wheatstone  Bridge  Method). 

Introduction. — This  method,  due  to  De  Santy,  resembles 
closely  the  ordinary  Wheatstone  bridge  method  of  measuring 
resistance,  and  has  the  great  advantage  of  being  a  zero  or 
null  one.  It  is  applicable  to  ordinary  condensers  and  short 
lengths  of  cable,  though  not  for  long  lengths,  owing  to  the  effects 
of  inductive  retardation.  It  is  most  easily  applied  in  the  case  of 
similar  condensers  having  the  same  material  as  dielectric.  In 
other  cases,  the  effects  of  electric  absorption  make  accurate 
balancing  a  difficulty.  These  can  be  minimized  by  "  making " 
and  "  breaking "  the  battery  circuit  very  quickly.  The  sources 
of  error  and  necessary  corrections  to  be  applied  in  deflection 
methods  are  non-existent  here,  which  makes  it  one  of  the  best- 
known  zero  methods.  In  Fig.  79,  (a)  and  (b)  are  similarly  lettered, 
the  former  showing  the  arrangement  symbolically,  the  latter  the 
actual  one  for  experiment. 

The  effect  of  a  difference  in  the  electric  absorption  of  the  two 
condensers  d  and  C2  is  that  when  the  bridge  is  balanced  for,  say, 
the  charge,  it  will  not  be  so  for  the  discharge.  If,  however,  either 
the  terminals  of  each  condenser  be  short-circuited  or  R1}  R.2  made 
=  O  for  a  moment  before  charging  by  the  key  K,  then,  on  pressing 
K,  the  deflection  will  more  accurately  represent  the  state  of 
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balance,  or  otherwise,  when  K  is  pressed  up  and  down  rapidly, 
the  spot  of  light  should  not  gradually  creep  away  from  zero  when 
balance  is  obtained. 

Apparatus. — Sensitive  high-resistance  mirror  galvanometer, 
G  (p.  284),  and  shunt,  S  (p.  323);  charge  and  discharge  key,  K; 
P.O.  bridge,  or  other  adjustable  resistance  boxes,  to  form  the  arm 
DE  and  EF ;  condensers,  C,,  C2,  to  be  compared ;  battery,  B,  of 
about  ten  or  more  Leclanche  cells. 

Observations. — (i)  As  a  precautionary  measure  against 
damaging  G,  short-circuit  it  by  means  of  S,  and  connect  up  as 
indicated  in  Fig.  79  (b\  and  adjust  the  spot  of  light  to  about  zero. 

(2)  The    resistances    R1?  R2   should   be   high  for    maximum 


(«) 


FIG.  79. 


accuracy,  and  if  they  are  obtained  from  a  P.O.  bridge,  first  set  Rx 
to  2220  ohms  by  taking  all  the  six  plugs  out;  then  adjust  R2  so 
that  on  making  or  breaking,  i.e.  manipulating  K  down  or  up 
respectively,  but  preferably  the  former,  no  motion  of  the  spot  of 
light  ensues,  S  being  gradually  cut  out,  as  the  balance  gets  nearer, 
to  finally  no  shunt  at  all.  Note  the  values  of  Rlf  R2. 

(3)  Repeat  (2)  for  Rx  =  2000,  1220,  and  1000  ohms  respec- 
tively, which  will  be  the  best  figures  in  the  present  circumstances. 

NOTE. — With  the  smaller  resistances  it  may  be  found  advisable 
to  increase  the  number  of  cells  in  B  so  as  to  obtain  a  more 
sensitive  adjustment. 

(4)  Repeat  (2)  and   (3)  for  about   four    different  Values   of 


178  Practical  Electrical  Testing. 

standard  capacity,  if  one  of  the  condensers  is  of  such  a  nature 
(as,  for  instance,  Fig.  223)  and  adjustable. 

(5)  Compare  the  two  capacities,  and  calculate  the  unknown 
from  the  relation — 

d  :  C,  =  R3 :  Rj 

which  will  be  observed  to  be  just  the  reverse  to  the  ordinary 
Wheatstone  bridge  law  for  resistances. 
Tabulate  your  results  as  follows  : — 


Capacities. 

Resistances. 

Capacities. 

Number  of 
unknown. 

Standard. 

Rl- 

Ro. 

Ratio, 
Qj 

Unknown. 

Inferences. — Prove  the  relation  given  in  (5),  and  state  any 
assumptions  made  in  deducing  it. 


98.  Comparison   of  Capacities 
(Secohmtneter  Method). 

Introduction.— The  sensitiveness  of  the  Wheatstone  bridge 
method  can  be  considerably  increased  by  using  an  Ayrton  and 
Perry  secohmmeter  instead  of  the  key,  K.  A  description  of 
the  sechommeter  will  be  found  on  p.  259.  It  may  preferably 
be  motor  driven,  and  should  have  its  commutators  set  in  the 
midway  adjustment  for  this  test,  so  that  the  galvanometer  is 
reversed  midway  between  two  successive  battery  reversals.  The 
rest  of  the  apparatus  is  exactly  the  same  as  in  the  preceding 
bridge  method,  except  that  K  is  dispensed  with.  Connect  E  and 
H  to  terminals  marked  "  bridge "  on  the  battery  side  of  the 
secohmmeter,  and  D  and  F  to  those  marked  "bridge"  on  the 
other  side,  the  battery,  B,  and  galvanometer,  G,  being  directly 
connected  to  their  respective  marked  terminals.  Now  rotate  the 
instrument,  and  carry  out  the  preceding  experiments  (i)-(s) 
exactly.  Increasing  the  speed  will  increase  the  sensibility  of  the 
test  without  affecting  the  relation  connecting  the  ratios  of 
capacities  and  resistances  Rlf  R2. 


Practical  Electrical  Testing. 


179 


99.  Comparison  of  Capacities 
(Wheatstone    Bridge  Method). 

Introduction. — This  is  a  very  simple  and  convenient  method 
and  has  the  great  advantage  of  being  a  null  or  zero  one.  It 
only  differs  from  that  of  De  Santy  in  using  two  ordinary  spring 
tapping-keys  instead  of  the  "  charge  and  discharge  "  key  used 
there,  and  also  in  having  the  relative  positions  of  galvanometer 
and  battery  interchanged.  It  is  most  important  that  both  the 
condensers  and  all  parts  of  the  circuits  be  well  insulated ;  and  if 
this  is  the  case,  the  battery  need  not  be,  for  leakage  occurring  in 
any  other  part  of  the  system  but  this,  will  cause  errors,  and  since 
the  capacity  varies  inversely  as  the  terminal  potential  for  a  given 
charge,  we  see  that  a  diminution  of  this  potential  through  leakage 
during  the  test  will  cause  the  capacity  to  apparently  increase. 

Apparatus. — Sensitive  high-resistance  reflecting  galvanometer, 
G  (p.  284),  and  shunt,  S  (p.  323);  two  spring  tapping-keys — one, 
Kj,  ordinary,  the  other,  KL,,  highly  insulated ;  a  battery,  B,  of  ten 


FIG.  80. 


or  more  Leclanch^  cells ;  the  two  capacities,  C15  C2,  to  be  com- 
pared ;  and  either  two  standard  resistance  boxes,  R1}  R.2,  or  a  P.O. 
bridge  or  a  high-resistance  potentiometer  slide. 

Observations. — (i)  As  a  precautionary  measure  against 
damaging  G,  short-circuit  it  by  S,  and  then  connect  up  as  in  Fig. 
80  (b),  adjusting  the  spot  of  light  to  about  zero.  If  the  ordinary 
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key,  Kj,  of  the  bridge  is  of  insufficient  insulation,  then  dispense 
with  it,  connecting  G  to  E  through  a  high-insulated  key. 

(2)  The    resistances    R15    R2  should    be    high  for    maximum 
accuracy,  and,  if  a  P.O.  bridge  is  used,  first  set  Rx  to  2220  ohms 
by  taking  all  six  plugs  out,  then  adjust  R2  so  that  on  pressing 
K!  first,  and  5  or  10  seconds  after   it  K2,  no  kick  is  produced 
on  G,  the  key  Kx  still  being  kept  down,  and  S  being  gradually  cut 
out,  as  balance  gets  nearer,  to  finally  no  shunt  at  all.     Note  the 
values  of  R1}  R2,  which  give  balance. 

(3)  Repeat  (2)  for  R:  =  2000,  1220,  and  1000  ohms  respec- 
tively, which  will  be  the  best  figures  in  the  present  circumstances. 

NOTE. — With  the  smaller  resistances  it  may  be  found 
advisable  to  increase  the  number  of  cells  in  B  so  as  to  obtain 
a  more  sensitive  adjustment. 

(4)  Repeat  (i)  and  (3)   for   about   four  values  of  standard 
capacity,  if  this   is   adjustable   (p.  354),  remembering   that   the 
accuracy  of  the  method  increases  as  Q  and  C2  become   more 
nearly  equal. 

(5)  Compare  the  two  capacities,  and  calculate  the  unknown 
from  the  relation — 

d  :  C2  =  R., :  R! 

which  will  be  observed  to  be  just  the  reverse  to  the  ordinary 
Wheatstone  bridge  law  for  resistances. 
Tabulate  as  follows  : — 


Capacities. 

Resistances. 

Capacities 

Number  of 
unknown. 

Value  of 
standard. 

Ri. 

R* 

CL 

C2 

Unknown. 

Inferences. — Prove  the  relation  given  in  (5),  and  state  any 
assumptions  made  in  obtaining  it. 
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100.  Absolute  Measurement  of  the  Capacity 
of  Condensers   (Ballistic   Method). 

Introduction. — The  capacity  of  any  condenser  can  be 
determined  absolutely  in  farads  F,  by  measuring  the  number 
of  coulombs  Q  of  electricity  required  to  be  given  to  either  of 
its  coatings  to  produce  a  P.D.  of  V  volts  between  them.  Then 
Q  =  VF.  The  accuracy  of  this  method,  of  course,  depends  on 
the  accuracy  with  which  the  two  separate  quantities  Q  and  V  are 
determined.  The  following  method  is  simple,  convenient,  and 
accurate,  and  depends  only  on  the  accurate  value  of  a  resistance 
in  ohms  being  known. 

Apparatus. — Condenser,  C,  to  be  tested;  high-insulation  two- 
way  key,  S  (p.  327);  reflecting  ballistic  galvanometer,  G  (p.  285); 
any  fairly  constant  battery,.  B,  of  a  sufficient  number  of  cells  to 
give  a  convenient  instantaneous  deflection  on  G  when  charging 
C ;  a  high  resistance,  r,  of  a  known  value  in  ohms,  which  may  or 
may  not  be  wanted,  or  two  standard  resistance  boxes,  ;-1}  r.2;  a 
high-resistance  potentiometer,  XYZ,  together  with  the  necessary 
connecting  wires. 

Observations. — (i)  Connect  up  the  apparatus  as  indicated 
in  Fig.  8 1,  and  adjust  the  gal- 
vanometer  needle  to   zero   by 
means  of  the  controlling  magnet. 

(2)  Adjust  the  resistance  of 
XZ  to  some  convenient  value, 
say,  from  about  2000  to  5000  X 
ohms,  depending  on  circum- 
stances ;  and  also  adjust  the 
number  of  cells  B  such  that, 
on  pressing  Si  to  charge  the 
condenser,  a  convenient  in- 
stantaneous deflection  d^  is  obtained. 
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FIG.  81. 


Note  this  first  throw  */,. 

(3)  Adjust  i\  to  a  suitable  low  value,  if  possible,  and  press  82, 
noting  the  steady  deflection  d.2  obtained  on  the  galvanometer. 

(4)  Repeat  (2)  and  (3)  for  about  ten  different  values  of  1\,  so 
as   to  obtain  deflections  over  the  whole  scale,  keeping  ^  +  r.2 
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constant.  The  condenser  C  must  be  short-circuited  after  every 
charge,  in  order  to  as  nearly  as  possible  have  no  residual  charge 
left  in  it  which  would  introduce  errors  due  to  residual  absorption. 

(5)  Measure  the  periodic  time  of  vibration  T  of  the  needle 
in  seconds  (vide  p.  133),  and  the  logarithmic  decrement  A  (vide 
p.  134)  taken  with  the  galvanometer  terminals  disconnected  from 
the  circuit. 

(6)  Calculate  the  capacity  F  of  the  condenser  in  farads  from 
the  formula — 

F  =  -r  x  —  X-Xi+iA) 
27r       ;•  +  G       <£ 

NOTE. — If  ;\,  which  represents  battery  resistance  b  in  taking 
4,  is  not  small  compared  with  ;-  +  G,  it  cannot  be  neglected,  and 
we  must  therefore  insert  b  +  r  +  G  in  the  formula  instead  of 

T> 

r  4-  G.     If  -       -  is  expressed  in  megohms,  then  F  will  be  given 
r  +  G 

in  microfarads. 

Tabulate  your  results  in  the  following  manner  :— 

Periodic  time  of  vibration  of  needle,  T,  =      sees.  ;  galvanometer  resistance,  G,  =     ohms  ; 
mean  Napierian  logarithmic  decrement  A.  =  . 


Value 
ofr. 

Value 
ofr,, 

Value 

°f*v 

Ratio, 

—I1  =  R 

r\  +  r2 

Fling, 
d>\* 

Deflection, 
4. 

Capacity  of  con- 
denser. 

Condenser 
tested. 

Farads, 
F. 

Micro- 
farads. 

I       -      • 

Inferences. — Show  how  the  formula  in  (6)  is  obtained,  and 
explain  what  assumptions,  if  any,  are  made  in  deducing  it. 


101.  Comparison  of  Capacities 
(Method  of  Mixtures). 

Introduction. — This  method,  due  to  Lord  Kelvin,  but  com- 
monly known  as  "  Thomson's  method  of  mixtures,"  has  the  great 
advantage  of  being  a  null  or  zero  one,  though  it  is  possible 
to  make  a  ready  correction  for  a  small  resultant  deflection,  which 
course,  however,  is  certainly  not  to  be  recommended.  The  essence 
of  the  whole  method  consists  in  charging  the  two  capacities 
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with  equal  quantities  of  electricity  by  means  of  a  potentiometer 
arrangement,  with  two  P.D.'s  bearing  a  known  ratio  to  one  another, 
and  noting  that  their  charges  are  equal  by  "  mixing  "  the  charges 
through  a  delicate  galvanometer.  Or,  as  was  mentioned  above, 
the  method  can  be  turned  into  a  deflection  one,  and  the  resultant 
P.D.  measured  after  mixing  the  two  unequal  charges.  The 
method,  which  is  now  almost  universally  employed  in  factories, 
cable-stations,  and  in  ordinary  work,  is,  generally  speaking, 
applicable  to  comparisons  of  both  small  and  large  capacities,  or 
when  one  or  both  of  them  are  long  submarine  or  other  cables 
having  very  different  degrees  of  "  inductive  retardations,"  which, 
with  ordinary  direct-deflection  methods,  would  entail  using  a 
ballistic  galvanometer  having  a  large  periodic  time  T  to  ensure 
the  quantity  passing  through  the  galvanometer  on  charge  or  dis- 
charge before  the  needle  moved.  For  ordinary  condenser  work 
about  10  seconds  should  be  allowed  for  the  condensers  to  charge, 
while  for  long  cables  it  should  be  something  like  4  or  5  minutes. 
This  method  gives  quite  accurate  results,  even  though  the 
capacities  may  differ  by  as  much  as  i  :  6 ;  but  for  wider  difference 
residual  absorption  becomes  very  troublesome,  and  causes  in- 
accuracies. The  sensibility  of  the  method  will  increase  with  the 
P.D.'s  employed  to  charge,  which  should  therefore  be  fairly  large. 
It  is  extremely  important  to  reduce  all  leakage  from  the  con- 
densers as  much  as  possible  in  order  to  avoid  errors.  For  this 
reason  all  parts  of  the  circuit  should  be  well  insulated,  apparatus 
clean  and  not  dusty,  and  all  connections  kept  in  mid-air. 

Apparatus. — Sensitive  high-resistance  reflecting  galvanometer, 
G  (p.  284) ;  two  adjustable  high-resistance  boxes,  Rlf  R2,  or  a  P.O. 
bridge  or  a  high-resistance  potentiometer,  whichever  is  to  hand; 
a  highly  insulated  Pohl's  commutator,  P  (p.  330) ;  spring  tapping- 
key,  K ;  reversing  switch,  S  (p.  329) ;  battery,  B,  of  about  ten  or 
more  Leclanche'  cells ;  capacities,  d,  C2,  to  be  compared. 

Observations.— (i)  Connect  up  the  above  apparatus  as 
indicated  in  Fig.  82,  and  adjust  the  spot  of  light  from  G  to  about 
zero  on  the  scale. 

(2)  R1}  R2  being  adjusted  to  suitable  high  values,  close  S,  and 
turn  P  over  to  the  front  (battery  side)  for  about  10  seconds,  so  as 
to  charge  the  condensers  to  different  and  opposite  potentials,  K 
being  open. 
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(3)  Now  close  K,  and  turn  P  over  to  the  back  (galvanometer 
side),  so  as  to  mix  the  opposite  charges  in  d  and  C2.     These, 

if  equal,  will  just  neutralize, 
and  cause  no  deflection 
on  G.  This  condition  will 
rarely  ever  be  obtained  at 
first  start. 

(4)  Keeping    R.2,    say, 
fixed,  alter  R15  so  that  on 
repeating  (2)  and    (3)    no 
deflection   is  observed  on 
G.     Then  note  the  values 
of  R!  and  R2. 

(5)  To    eliminate    the 
effect    of  residual  absorp- 
tion    in    the    condensers, 
turn  S  round  through  90°, 
thus    reversing     B    across 
RU  R.2.     If  now  there  is  a 

FlG-  82*  deflection  on  G,   readjust 

R!  to  obtain  none,  calling  its  new  value  R/,  repeating  (2)-(4) 
again. 

(6)  Repeat  (2)-(5)  for  about  four  widely  different  values  of 
Ra,  remembering  that  the  test  will  be  more  accurate  when  R15  R2 
are  large. 

(7)  If  either  of  the  capacities  is  an  adjustable  standard,  such  as 
that  on  p.  354,  then  repeat  (2)-(6)  for  about  three  or  four  different 
values  of  the  standard,  remembering  again  that  the  test  will  become 
more  accurate  as  the  capacities  become  more  nearly  equal. 

(8)  Compare  the  two  capacities,  and  calculate  the  value  of  the 
unknown  from  the  relation — 

d  :  C,  =  R2 :  R2 
and  tabulate  your  results  as  follows  :  — 


Capacities. 

Resistances. 

Capacities. 

Number  of 
unknown. 

Value  of 
standard. 

Current  one 
way,  RI- 

Current  re- 
versed, RI'. 

Mean, 
Rl- 

R2. 

Ci 

C2 

Value  of 
unknown. 
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Inferences. — Prove  the  relation  given  in  (8),  and  state  any 
assumptions  made  in  obtaining  it. 


102.  Comparison  of  Capacities 
(Siemens' s  Continued  Subtraction  Method). 

A  brief  digest  only  of  this  method,  devised  by  the  late  Sir 
W.  Siemens,  will  be  given,  for  the  following  reasons  : — 

(1)  The  method  is  difficult  of  application  and  manipulation. 

(2)  It  requires  great  care,  and  in  ordinary  hands,  except  with 
special  arrangements,  would  most  probably  give  erroneous  results. 

(3)  Leakage  effects  introduce  errors,  and  the  highest  insulation 
is  required  in  the  condenser  tested;   for  the  former  reason  the 
manipulation  must  be  as  rapid  as  possible. 

(4)  For   accuracy  the  smaller   and   applied   condenser   must 
attain  the  potential  of  the  large  one  on  each  successive  deduction, 
which  cannot  be  the  case  unless  time  is  given  it,  when  leakage 
errors  will  at  once  creep  in. 

(5)  Difficulty  in  correcting  for  damping. 

Thus  it  will  be  seen  that  though  the  method  is  in  one  respect 
a  pretty  one,  having  the  advantage  of  enabling  a  very  large 
capacity  to  be  compared  with  a  small  standard  one,  yet  the 
practical  difficulties  and  errors  which  creep  in  render  it  unsuitable 
for  ordinary  work. 

The  method  is,  however,  as  follows  : — 

(a)  Charge   a   standard  known  condenser  of  capacity  C,,  to 
some  definite  potential  V,  and  note  the  first  throw  ds  on  dis- 
charging it  through  a  ballistic  galvanometer. 

(b)  Charge  the  large  condenser  of  capacity  C  to  the  same 
potential  V,  and  take  away  the  charging  source ;  then  gradually 
but  rapidly  discharge  it  by  applying  C4,  n  times  across  its  terminals, 
completely  discharging  C,  after  each  application. 

(c)  After  the  ;/th  application,  discharge  the  standard  through 
the  galvanometer,  and  note  the  first  throw  dn. 

Then,  neglecting  damping  and  other  corrections,  we  get — 

4  _  /    c     \ "  c, 

or  C  =  i 


n_( 

~7  ~ 
d.       \ 


if  A  »  —  i 
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where  dn  and  dt  are  assumed  to  be  directly  proportional  to  the 
last  and  first  quantities  of  electricity  flowing  out  of  C,  through 
the  galvanometer. 


103.  Comparison  of  Capacities 
(Differential  Galvanometer  Method). 

Introduction. — This  "deflection"'  method  is  applicable  to 
any  two  condensers  whose  capacities  do  not  differ  very  much 
from  one  another,  and  it  requires  that  the  periodic  time  of 
oscillation  of  the  differential  galvanometer  used  should  be  large 
compared  with  the  larger  of  the  two  "  time  constants  "  of  the 
two  condensers  compared.  This  being  the  case,  it  is  not  necessary 
that  the  periods  during  which  the  two  quantities  flow  should  be 
absolutely  one  and  the  same.  There  are  obviously  two  modes 
of  procedure :  (a)  that  of  arranging  so  that  the  charges,  i.e.  the 
quantities  Qx  and  Q2,  of  electricity  which  pass  into  or  out  of  the 
two  condensers,  due  to  the  same  battery  E.M.F.,  go  simultaneously 
through  the  two  galvanometer  coils — then,  if  0°  =  the  angular 
throw  resulting,  we  have  Qj  —  Q2  <x  sin  £0° ;  (b)  that  of  shunting 
the  galvanometer  coil,  which  is  in  series,  with  the  larger  of  the 
two  capacities,  whence  Qx  —  Q2  oc  the  quantity  Q,  which  passes 
through  the  shunt. 

The  author  does  not,  however,  purpose  discussing  this  method 
by  the  differential  galvanometer  in  further  detail,  as  it  is  not 
sufficiently  generally  applicable  for  comparisons  of  capacity,  and, 
moreover,  is  inferior  to  several  other  methods  which  are  more 
easily  manipulated. 

Lastly,  (a)  possesses  the  defects  inherent  in  all  deflection 
methods,  while  with  (b)  an  unknown  quantity  is  introduced,  due 
to  shunting,  a  galvanometer  when  using  transient  currents. 

The  left  hand  diagram  (Fig.  79)  would  represent  the  con- 
nections for  the  mode  of  procedure  (a)  above,  providing  the  circuit 
containing  G  and  S  is  dispensed  with,  and  the  two  coils  of  the 
differential  galvanometer  substituted  for  the  resistances  Rlf  R2  of 
that  diagram. 
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104.  Comparison   of    Capacities 
(Method  of  Divided  Charge). 

Introduction. — This  method  is  a  simple  and  in  many 
respects  a  convenient  one,  and  becomes  most  accurate,  as  has 
been  shown  by  Mr.  Kempe,  when  the  standard  capacity  is  about 
half  that  of  the  unknown.  The  method  is  very  analogous  to 
the  Siemens  subtraction,  but  here  in  this  one  only  one  subtraction 
is  made. 

Apparatus. — Sensitive  high-resistance  ballistic  galvanometer, 
G;  highly  insulated  charge  and  discharge  key,  K  (p.  328);  highly 
insulated  ordinary  spring  tapping- 
key,  Kx;  Leclanche  battery,  B,  of 
a  suitable  number  of  cells ;  standard 
and  unknown  capacity,  C,  and  C 
respectively. 

Observations. — (i)  Connect  up 
as  indicated  in  Fig.  83,  and  adjust 
the  spot  of  light  to  zero. 

(2)  With  KX  open,  press  K,  thus 

charging  the   standard   capacity   C,  B' 

with  the  E.M.F.  of  B.  FIG.  83. 

(3)  Release  K,  thereby  discharging  C,  through  G,  and  note 
the  first  throw  of  the  galvanometer  needle,  and  call  it  d^ 

(4)  Again  press  K,  then  release  it  to  an  intermediate  position 
between  the  upper  and  lower  contacts,  and  quickly  press  Kj  for 
2  or  3  seconds.     Now  release  both  keys,  and  note  the  first  throw 
4  on  the  galvanometer. 

(5)  Repeat  (2)-(4)  with  about  four  different  values  of  standard 
capacity  Q,  and  also,  say,  a  different  E  M.F.  of  the  battery  B, 
each  time  completely  discharging  C  before  applying  to  C,. 

(6)  Compare  the  two  capacities,  and  calculate  the   unknown 
from  the  formula — 

C  ^  4  -  4 
C.         4 

and  tabulate  as  follows  : — 
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Capacities. 

First  throws. 

Capacities. 

Number  of 
unknown,  C. 

Value  of   - 
standard,  C^. 

<l\- 

d-2. 

C 

c, 

Unknown,  C. 

Inferences. — Prove  the  relation  given  in  (6),  and  state  any 
assumptions  made  in  obtaining  it. 


105.  Measurement  of  Specific  Inductive 
Capacity  of   Dielectrics. 

Introduction. — Not  only  is  the  capacity  of  a  condenser 
increased  by  using  glass,  mica,  gutta-percha,  vulcanite,  etc., 
instead  of  air  as  the  dielectric  or  insulating  material  across  which 
the  electrostatic  induction  takes  place,  but  the  resistance  to 
rupture  and  consequent  loss  of  charge  by  sparking  is  considerably 
increased,  this  depending  as  it  does  on  the  rigidity  and  not  on 
the  insulating  quality  of  the  substance.  The  increase  in  capacity 
occurs  by  reason  of  the  specific  inductive  capacity  of  the  dielectric, 
and  if  d  =  capacity  of  any  condenser  when  its  plates  are 
separated  by  air,  then  its  capacity  C2,  when  they  are  separated 
by  any  other  dielectric,  is  C.2  =  d  X  specific  inductive  capacity 
of  that  substance.  Hence  the  specific  inductive  capacity  of  a 
substance  is  the  ratio  of  the  capacity  of  a  condenser  when  its 
plates  are  separated  by  this  substance  to  the  capacity  of  the 
same  condenser  when  its  plates  are  separated  by  air. 

The  following  method,  suggested  by  Professor  Ayrton,  will 
be  found  convenient  when,  as  is  usually  the  case,  we  want  to 
measure  the  specific  inductive  capacity  of  a  comparatively  small 
specimen  of  insulating  material  or  dielectric,  and  which  is  too 
small  to  use  in  making  a  condenser  of  sufficient  capacity  for 
ordinary  testing.  The  material  to  be  tested  may  be  a  sheet  of 
glass  or  ebonite,  etc.,  and  should  have  pasted  on  each  side  of 
it  sheets  of  tinfoil  of  equal  size  and  about  i  inch  smaller  all 
round  than  the  plate  of  dielectric,  so  as  to  reduce  surface  leakage 
to  a  minimum,  which  is  exceedingly  important  to  the  working  of 
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this  method.  In  all  cases  the  impasted  border  should  be  care- 
fiilly  cleaned  and  dried,  and  with  the  same  object  in  view,  the 
plate  should  rest  on  a  block  which  only  touches  the  underneath 
sheet  of  foil.  Thin  wires  should  make  contact  with  each  sheet 
of  tinfoil,  and  these  form  the  terminals  of  this  experimental 
condenser. 

Apparatus. — Two  resistance  boxes,  i\<  /2;  telephone,  GT,  as 
galvanometer ;  charge  and  discharge  key,  K ;  ten-cell  battery,  B ; 
air  condenser,  d ;  condenser,  C2,  as  above,  with  its  plates  separated 
by  the  dielectric  to  be  tested. 

Let  AjAo  =  total  effective  areas  of  the  metal  coatings,  d^d^ 
=  total  effective  distances  between  them  for  the  air  and  other 
condensers,  d  and  C2,  respec- 
tively, then,  for  no  sound  in  the 
telephone,  we  have  d'"i  =  C2r2. 

Observations. — (i)  Con- 
nect up  as  shown  in  Fig.  84,  and 
adjust  ;*!,  say,  to  a  convenient 
value,  which  should  be  fairly 
high. 

(2)  Adjust    ;2    so    that     on 
rapidly  actuating  K  up  and  down 
so  as  to  rapidly  charge  and  dis- 
charge   d  and  C2,  no  sound  is 
heard   in   the   telephone.     Now 
note  the  values  of  rlt  r.2. 

(3)  Repeat  (i)  and  (2)  for  six  widely  different  values  of  rlt  r2, 
and  calculate  the  specific  inductive  capacity  from  the  formula — 

specific  inductive  capacity  =  -1  •  —  •  — 2 

r.2  A2  «i 

(4)  Tabulate  your  results  as  follows  : — 


Dielectric 
tested. 

AI- 

A2. 

*\> 

d+ 

rr 

r2- 

Specific  inductive 
capacity, 
1L.  AI  .  ^ 
r%    A2    </i 

Inferences. — Prove  the  relation  given  in  (3),  and  state  any 
assumptions  made  in  obtaining  it. 
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106.  Capacities  in  Series  and  Parallel 
(Laws  of  Combination). 

Introduction. — It  is  important  to  know  the  precise  result  of 
combining  capacities  in  series,  parallel,  or  partly  in  series  and 
partly  in  parallel,  and  to  be  able  to  predict  the  combined  or 
effective  capacity  of  all  such  combinations  without  difficulty. 
This  experiment  is  arranged  with  a  view  to  proving,  by  means 
of  carefully  made  tests,  the  laws  of  various  combinations,  and 
thus  impressing  the  matter  more  firmly  on  one's  memory.  When 
capacities  are  connected  in  series^  or  "  cascade,"  as  it  is  sometimes 
called,  their  combined  capacity  is  obtained  from  the  individual 
capacities  in  exactly  the  same  way  as  that  of  a  number  of  known 
resistances  in  parallel.  On  the  other  hand,  capacities  in  parallel 
combine  in  exactly  the  same  way  as  resistances  in  series. 

To  verify  these  and  other  rather  less  obvious  relations,  the 
student  will  be  expected  to  be  already  acquainted  with  Thomson's 
"  method  of  mixtures  "  for  comparing  capacities  (p.  182),  and  con- 
sequently the  mode  of  performing  the  observations  will  not  be 
repeated  in  what  follows. 

Apparatus. — All  that  named  on  p.  183  for  the  method  of 
mixtures,  where  C2,  one  of  the  capacities  named,  will  now 
represent  the  respective  combinations  of  capacities  to  be  tested ; 
in  addition,  a  box  of  four  separate  and  well-insulated  condensers, 
A,  B,  C,  and  D,  arranged  similarly  to  that  described  on  p.  347, 
so  that  they  can  be  connected  up  singly  or  in  all  possible 
combinations  C2  of  series  and  parallels. 

Observations. — (i)  Connect  up  as  shown  in  Fig.  82,  and 
carry  out  all  the  observations,  (i)-(7),  there  mentioned  in  the 
following  tests. 

(2)  Measure  the  capacities  of  each  of  the   four  condensers 
A,  B,  C,  and  D  separately. 

(3)  Measure  the  capacity  all  in  series,  and  also  for  any  two 
and  any  three  in  series. 

(4)  Measure  the  capacity  of  two  different  pairs  of  any  two 
capacities  in  parallel. 
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(5)  Measure  the  capacity  of  two  different  pairs  of  any  three 
capacities  in  parallel. 

(6)  Measure  the  capacity  when   all   four  condensers   are   in 
parallel. 

(7)  Measure  the  capacity  of  the  four  condensers  arranged  two 
in  series  and  two  in  parallel. 

(8)  Calculate  the  combined  or  effective  capacity  obtained  from 
the  measurements  from  the  relation — 

QR, 


(9)  Also  calculate  it  from  the  following  formulae  to  be  proved  :  — 

•  .  .  for  pure  series  combinations 
Ca  =  A+  B  +  C  +  D  +...',       „       parallel 
and  tabulate  your  results  as  follows  :  — 


=  -  +  -  +  ~  4-  f: 
Cx2       A       13       C       D 


Capacities. 

Resistances. 

Capacities. 

Combination 
of  unknown. 

Value  of 
standard,  Q. 

Current 
oneway,  RI- 

Current  re- 
versed, RI'. 

Mean, 
RI- 

R2. 

Measured, 
C.-C.H, 

Calcu- 
lated, 

Ci- 

Inferences. — Prove  the  relations  given  in  (9),  and  state  all 
that  can  be  inferred  from  the  results  of  your  observations. 


107.  Constancy  of  the  Capacity  of  Condensers 
(Proof   Ballistically). 

Introduction. — When  a  quantity  Q  of  electricity  flows  into 
either  coating  of  a  condenser  of  capacity  C,  and  raises  the  P.D. 
between  the  coatings  to  a  value  V,  then  we  have  the  relation 

Q  =  CV,   or  C  =  -  =  a  constant  (approximately).     Now,  in  an 

ideal   condenser   in   which    a    perfect  dielectric   is   used,   i.e.   a 
dielectric  which  is  a  perfect  insulator  and  whose  absorption  and 
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dielectric  hysteresis  is  «//,  the  ratio  ~  would  be  constant  under 

all  conditions.  A  good  air  condenser  approximates  to  an  ideal 
one,  but  the  ordinary  practical  condenser  possesses  an  imperfect 

dielectric,  which  results  in  the  ratio  -  having  to  depend  to  a 
certain  extent  on  the  initial  state  of  the  condenser  and  on  the 
time  it  is  given  to  charge  or  discharge,  thus  causing  —  to  be  only 

approximately  constant. 

Apparatus. — Sensitive  ballistic  galvanometer,  G  (p.  285) ; 
damping  coil,  with  its  key  and  cell  (p.  349);  highly  insulated 
charge  and  discharge  key,  K  (p.  329) ;  a  rather  leaky  condenser, 
C,  of  suitable  capacity ;  battery,  B,  of  ten  cells  or  more  ;  and  a 
fairly  high-resistance  potentiometer,  PS,  say,  of  about  5000  ohms, 
with  a  moving  contact  or  sliding  key,  N.  Then,  if,  say,  ten 
cells  are  permanently  connected  to  P  and  S,  their  total  E.M.F. 
will  be  very  approximately  constant,  and  the  relative  resistances 
between  S  and  the  point  of  contact  N  will  at  all  times  give  the 
relative  P.D.'s  employed  in  charging  C,  which,  therefore,  will  be 
a  ready  and  convenient  means  of  using  what  E.M.F.  is  desired 
from  o  to  that  of  10  cells  in  series. 

Observations. — (i)  Connect  up  as  in  Fig  85,  and  adjust 
the  galvanometer  to  zero. 

(2)  First  adjust  B  so  that  when  N  and  P  coincide,  i.e.  when 
the  full  E.M.F.  is  used,  a  full-scale  deflec- 
tion is  obtained  on  G  when  K  is  pressed. 

(3)  Set    N   so   that    NS  =  -^PS,  and 
note  the  first  throw  d^  on  charging  C  by 
pressing    K ;  then  quickly  damping  G  to 
rest,  note  the  first  throw  d^  on  discharging 
C  by  releasing  K. 

(4)  Repeat  (3)   for  NS  =  ^,  ^  T%, 
...  of  PS    respectively   up  to   the  full ; 
and  to  make  certain  that  the  total  E.M.F. 
of  B  has  not  altered,  repeat  (2)  over  again. 

(5)  Repeat  (3)  and  (4)  with,  say,  a  lo-seconds  interval  of  the 
lever  of  K  intermediate  between  the  two  stops  on  discharge,  and 
tabulate  all  your  results  as  follows  : — 
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Charging  P.D., 

Throws  on 

Ratios,  y 

Charging, 
^1- 

Discharging, 
dt. 

Discharging 
after  10  sees., 
<&'. 

* 

NS 

d<i 
NS 

4* 

NS 

Inferences. — What  can  you   infer  from  the  results  of  your 
observations  ?  and  state  whether  anything  has  been  lost  sight  of 

which  might  affect  the  ratio      independently  of  other  things. 


108.  Self  and  Mutual  Induction  Coefficients 
(Absolute  and  Comparative  Determinations). 

Introductory. — It  is  not  the  intention  of  the  author  to 
discuss  theoretical  considerations  relating  to  the  above  subject, 
which  can  more  appropriately  be  obtained  from  text-books  dealing 
with  that  branch  of  the  subject  in  detail.  Some  prefatorial 
remarks  and  definitions  are,  however,  necessary. 

SELF-INDUCTION. — It  is  well  known  that,  when  a  current  is 
started  or  stopped  in  a  circuit,  a  certain  time  elapses  before  the 
current  reaches  a  final  steady  value.  This  phenomenon  is  due  to 
the  lines  of  force,  emanating  from  one  part  of  the  circuit,  cutting 
another  part  in  springing  out  or  collapsing,  and  thereby  causing 
a  momentary  counter  E.M.F.  to  be  set  up  (by  Lenz's  law),  which 
retards  the  rise  or  fall,  as  the  case  may  be,  of  the  current.  This 
effect  is  termed  the  self-induction  of  the  circuit,  and  its  magnitude 
depends  on  the  geometrical  form  and  permeability  of  the  circuit 
and  surrounding  medium. 

If  N-=  number  of  magnetic  lines  of  force  threading  the  circuit 
due  to  a  current  A  flowing  through  it,  then  N  <x  A  if  there  is  no 
magnetic  material  in  or  near  the  circuit ;  and  since  N  varies,  under 
such  conditions,  as  A,  we  may  say  that  N  =  LA,  and  therefore 

<*N      _  </A 
that  —  =  L — . 
dt          dt 

Definition.— -The  coefficient  L  is  called  the  coefficient  of  self- 
induction^  and  L —  =  the  counter  or  back  E.M.F.  of  self-induction. 
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N 
Now,  since  from  the   above   L  =  - ,  the  coefficient  of  self- 

A. 

induction  may  be  defined  as  the  number  of  lines  threading  the 
circuit  when  unit  current  is  started  or  stopped  in  it. 

LA 

If  R  =  the  resistance  of  the  circuit,  then  -  -  =  whole  quantity 

R 

of  electricity  in  the  induced  or  transient  current  on  making  or 
breaking  during  the  rise  or  fall,  and  if  the  current  is  reversed,  this 

2LA 

quantity  is  = .     Hence  L  can  be  defined  as  the  quantity  of 

R 

electricity  passing  in  the  circuit  of  unit  R  when  unit  current  is 
"  made  "  or  "  broken."  L  is  constant  if  the  permeability  of  the 
surrounding  media  is  constant. 

If  R  stands  for  the  ohmic  resistance  of  a  'coil  of  self-induction 

L,  then  —  is  called  the  time  constant  of  the  coil,  and  is  the  number 
R 

of  seconds  required  for  the  current  to  arrive  at  0*632  of  its 
maximum  value  after  first  closing  the  circuit. 

MUTUAL  INDUCTION. — Now  suppose  two  circuits  are  in 
proximity  to  each  other,  and  that  a  current  A  be  suddenly  started 
or  stopped  in  one  of  them  (called  the  primary),  while  the  terminals 
of  the  other  (the  secondary)  are  short-circuited.  Then  the  quantity 
of  electricity  set  up  in  the  secondary  during  the  rise  or  decay  of 

MA 

the  primary  current  =  — :,  where  R  =  resistance  of  the  whole 
R 

secondary   circuit,    or,   if  the   primary   current   is   reversed,  this 

2AM 

quantity  =  -^— . 

Definition. — The  coefficient  M  is  called  the  coefficient  of  mutual 

induction,  and  M —  =  the  induced  E.M.F.  in  the  secondary.    The 
at 

coefficient  M  may  thus  be  defined  as  the  quantity  of  electricity 
which  is  induced  and  flows  in  the  secondary  of  unit  resistances 
when  unit  current  is  made  or  broken  in  the  primary,  or,  in  other 
words,  it  is  the  number  of  lines  of  force  common  to  or  threading 
each  circuit  when  unit  current  flows  in  one  of  them. 

M  is  constant  if  the  permeability  of  the  surrounding  media 
is  constant.  If  any  circuit  contains  magnetic  material,  then  M 
or  L,  whichever  is  .present,  will  depend  for  its  magnitude  on  the 
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magnetic  saturation  of  such  material,  and  consequently  on  the 
current. 

Unit. — The  unit  of  either  self  or  mutual  induction  is  variously 
termed  a  secohm,  Henry,  or  quadrant,  and  in  the  electro-magnetic 
system  of  units  has  an  absolute  measure  of  io9  cms. 

Dimensions. — Its  dimension  is  of  the  order  of  resistance  X  time, 

length 

i.e.  velocity  x  time,  =    .         X  time,  or,  in  other  words,  length. 
time 

In  the  following  measurements  we  shall  adopt  the  usual 
notation  shown  in  Fig.  8 5 A,  I.  and  II.,  namely — 

I.  for  a  non-inductive  resistance,  and 

II.  for  an  inductive  resistance. 

These  simple  representations,  if     IL 
studiously  adhered  to,  will  save  any  IG*    5A" 

confusion,  and  at  once  follow  from  the  fact  that  circuits  doubled 
back  on  themselves  have  an  extremely  small  coefficient  of  induc- 
tion, and  for  all  practical  purposes  may  be  considered  as  non- 
inductive.  No  circuit,  however,  can  be  absolutely  non-inductive. 


109.  Absolute  Measurement  of  Self = induction 
(Maxwell -Rayleigh   Method). 

Introduction. — This  is  a  ballistic  or  deflection  method 
for  determining  a  coefficient  of  self-induction  absolutely  in 
secohms,  and  is  one  originally  proposed  by  Clerk  Maxwell,  but 
modified  by  Lord  Rayleigh.  The  result  depends  on  the  accuracy 
with  which  five  separate  quantities  are  either  observed  or 
measured.  The  arrangement  is  substantially  that  of  a  Wheatstone 
bridge,  and  the  method  is  capable  of  accurate  results  when 
sufficient  care  is  taken  and  all  necessary  corrections  applied. 
A  null  method,  however,  is  distinctly  to  be  preferred  when 
available. 

Apparatus. — Known  standard  non  -  inductive  adjustable 
resistances,  P,  Q,  R,  and  S;  battery  of  fairly  good  Leclanche 
cells,  B ;  Pohl's  commutator,  K!  (vide  p.  330) ;  spring  tapping-key, 
Ko;  ballistic  galvanometer,  G  (p.  283);  coil  of  self-induction,  L, 
secohms  to  be  measured  and  of  ohmic  resistance,  /. 
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NOTES. — In  the  annexed  arrangement,  which  is  the  best  one 
to  use,  P  must  =  Q,  ad  being  our  adjustable  arm,  in  which  case 
they  may  each  be  single  resistances,  but  of  about  the  same  order 

of  magnitude,  preferably 
as  /.  G  should  preferably 
be  of  the  moving  needle 
type,  and  have  a  resist- 
•»  ance  approximating,  if 
possible,  to  the  most 
suitable  value,  namely, 


P  +  Q+  2/ 

ohms   for  the   above   ar- 
rangement, and  P  =  Q. 

If  /  should    be   very 
small,  it  will  generally  be 
found   necessary  to  bank 
FlG  86  it  up  by  inserting  a  non- 

inductive  resistance  of  suit- 
able value  in  series  with  it,  so  that  the  arm  cd  now  equals  the 
sum  of  the  two,  and  may  still  be  called  /. 

In  Obs.  (5)  below  the  inductive  throws  d  may  be  taken 
on  "  making  "  and  "  breaking  "  the  battery  circuit  at  KT,  and  the 
mean  used  in  the  calculation  or  preferably  "half"  the  throw  on 
reversing  the  battery  connections  as  this  throw,  which  is  approxi- 
mately double  either  of  those  at  the  "  make  "  and  "  break,"  can 
be  read  more  accurately,  and,  in  addition,  owing  to  the  battery 
remaining  on  "  closed  circuit,"  its  E.M.F.  will  be  more  constant 
than  if  used  intermittently. . 

Observations. — (i)  Connect  up  the  above  apparatus  as 
indicated  in  Fig.  86,  and  adjust  the  galvanometer  spot  of  light 
to  zero  on  the  scale  by  means  of  the  controlling  magnet. 

(2)  Assuming  /  to  be  known  roughly,  make  P  =  Q  =  about 
this  resistance,  if  possible  and  convenient. 

(3)  Remove  "  infinity "  plug  in  S,  and  adjust  R  so   that  on 
closing  Kj  first,  and  then  K2  3  or  4  seconds  later,  say,  it  is  just 
too  large  to  give  no  deflection  on  G. 

(4)  Reinsert  "  infinity "  plug  in  S,  and,  starting  with  a  much 
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higher  resistance  than  is  already  out  in  R,  adjust  S  so  as  to  finally 
"  balance  the  bridge  "  accurately  for  steady  currents,  and  obtain  no 
motion  of  the  spot  of  light  on  manipulating  Kx  and  K2,  as  in  (3). 

(5)  Now,  without  altering  anything,  close  K2  and  Kx,  and  then, 
when  the  spot  of  light  is  perfectly  at  rest>  suddenly  reverse  the 
current  by  means  of  K1}  and  note  the  angular  throw  d°  of  the  spot. 

(6)  Throw  out  the  balance  for  steady  currents  obtained  in  (4) 
above   by  increasing  S,  thereby  increasing  the  resistance  of  the 
arm   ad  by  a   small   amount  p,   and   note   the   steady   angular 
deflection  D°  produced  when  both  Kx  and  K^  are  closed. 

(7)  Repeat  (5)  and  (6)  alternately  a  few  times  in  order  to 
eliminate  any  error  due  to  variation  of  the  battery  E.M.F.,  and 
take  the  mean  of  each  set  of  values  for  d°  and  D°  respectively. 

(8)  Repeat  (s)-(7),  first  by  increasing  the  E.M.F.  of  B,  and 
thereby  d°  and  D°,  which  will  give  a  more  sensitive  test ;  secondly, 
by   employing   two    or  three   different   values   of    p   altogether, 
enabling  several  different  determinations  of  the  same  self-induction 
to  be  made  and  a  mean  obtained. 

(9)  Determine  accurately  the  periodic  time  of  oscillation  T 
of  the  galvanometer  needle  in  seconds  in  the  manner  set  forth* 
on  p.  133. 

(10)  Determine    the    Napierian    logarithmic  decrement  \   of 
the  galvanometer  with  the  same  arrangement  of  the  bridge  arms 
as  in  (4)  above,  and  with  Kx  open  and  K2  closed,  in  the  manner 
set  forth  on  p.  134. 

NOTES. — Should  G  be  too  sensitive,  control  its  deflections  by 
a  more  powerful  controlling  field,  rather  than  shunt  it,  if  possible. 
T  may  have  any  convenient  value  from  about  4  seconds  upwards ; 
p  must  be  kept  small,  and  might  preferably  have  such  a  value 
as  to  give  d°  =  D°,  nearly. 

It  is  advisable  to  see  the  order  of  d°  prior  to  very  accurately 
balancing  in  (4),  as  it  may  be  found  expedient  to  increase  d°  by 
increasing  the  sensibility  of  G,  or  by  altering  the  resistance  of 
arm  cd  if  this  is  "  banked  "  up. 

(u)  Calculate  the  self-induction  L  measured  from  the 
formula — 

L  =  —  .-.^(i+  iA)secohms 

27T     2     D 

where  d  and  D  are  in  scale-divisions  corresponding  to  d°  and  D°. 
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Tabulate  your  results  as  follows  : — 


Periodic  time,  T,  = 


sees.  ;  log  dec.  X  =          ;  time  constant  of  coil,  j- ,  — 


Kind  of  induction 
tested. 

Ohmic  resist- 
ance, /. 

Throw, 
d. 

Steady  deflection, 
D. 

Resistance, 
P- 

Value 
of  L. 

Inferences..— Prove  the  formula  given  in  (n),  and  state  any 
assumptions  made  in  obtaining  it. 


110.  Absolute  Measurement  of  Self  Induction 
(Secohmmeter  Method). 

Introduction.  —  The  following  deflection  method  neces- 
sitates the  use  of  a  special  piece  of  apparatus  termed  a  secohm- 
meter,  which  has  been  devised  by  Professors  Ayrton  and  Perry. 
The  object  of  it  is  to  increase  the  sensitiveness  of  the  Maxwell- 
"Rayleigh  method  by  obtaining  the  cumulative  effect  of  a  rapid 
succession  of  throws  on  the  galvanometer  due  to  "make" 
or  "  break "  impulses.  The  actual  arrangement  of  the  bridge 
itself  may  preferably  be  that  used  in  the  above-named  method, 
the  function  of  the  keys  Kj  and  K2  now  being  performed 
by  the  secohmmeter.  The  method  is  subject  to  the  defects 
inherent  in  all  deflection  methods. 

The  secohmmeter,  a  further  description  of  which  will  be  found 
on  p.  259,  can  either  be  rotated  by  hand  through  the  medium 
of  a  handle  or  by  a  small  electro-motor  coupled  direct  to  the 
commutator  spindle.  The  general  arrangement  for  the  latter 
mode  of  driving  is  shown  in  Fig.  119. 

Apparatus. — Known  standard  non  -  inductive  adjustable 
resistances,  P,  Q,  R,  and  S ;  battery  of  fairly  good  Leclanche 
cells,  B ;  an  ordinary  sensitive  Wheatstone  bridge  galvanometer, 
G,  of  any  type,  though  preferably  fairly  dead-beat  for  convenience; 
an  auxiliary  key,  K ;  the  self-induction,  L,  secohms  to  be  measured 
of  ohmic  resistance,  /;  secohmmeter,  O,  complete  with  tacho- 
meter, T,  and  preferably  a  small  electro-motor,  M,  the  electrical 
circuit  feeding  M  consisting  of  a  small  secondary  battery,  switch, 
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and  continuously  variable  rheostat  for  adjusting  the  speed  and 
maintaining  it  constant. 

NOTES. — The  student  is  referred  to  those  in  the  Maxwell- 
Rayleigh  method,  which  apply  here  exactly  with  the  exception 
of  the  latter  part  relative  to  the  inductive  throws.  In  addition, 
it  may  be  remarked  that  the  relative  positions  of  the  two  com- 
mutators is  unimportant.  The  greater  the  speed,  the  greater  will 
be  the  deflection  d,  and  the  more  accurately  can  it  be  observed 
and  the  larger  the  added  resistance  p  will  be ;  in  other  words,  the 
sensibility  of  the  method  is  increased,  but  the  speed  must  not  be 
too  great  to  prevent  the  current's  reaching  their  steady  values 
between  two  consecutive  reversals  of  the  battery.  That  this 
condition  is  fulfilled  may  be  ascertained  by  seeing  whether  the 
same  value  for  L  is  obtained  for  a  much  smaller  speed  than  the 
highest  used.  In 
Fig.  87  the  galvano- 
meter  and  battery 
commutators  are  re- 
presented  symbolically 
by  G.c.  and  B.C.  re- 
spectively. 

Observations. — 
(i)  Connect  up  the 
requisite  apparatus  as 
represented  in  Fig.  87, 
the  motor  circuit  not 
being  shown,  and  ad- 
just the  galvanometer 
to  zero. 

(2)  Assuming  /  to 
be     roughly     known, 
make  P  =  Q  =  about 
this  resistance,  if  pos- 
sible. 

(3)  Remove  "  infinity "  plug  in  S,  and  adjust  R  so  that  on 
closing  the  battery  circuit,  first  by,  if  necessary,  slightly  turning 
the  commutators  into  a  different  position  for  contact,  and  then 
closing  the  auxiliary  key  K  a  second  or  two  after,  it  is  just  too 
large  to  give  no  deflection  on  G. 


-      Q >   \    ---      N 

^8V<    — > — 


FIG.  87. 
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(4)  Reinsert  "  infinity  "  plug  in  S,  and  making  S  much  larger 
than  R,  adjust  it  so  as  to  finally  "  balance  the  bridge  "  accurately 
for  steady  currents  in  the  usual  way  by  closing  K  last. 

(5)  Drive  the  secohmmeter  at  a  low  constant  speed,  N  revolu- 
tions  per   minute    by   the   motor,    say,   and   note   the   constant 
deflection  d  scale-divisions  on  the  galvanometer  G. 

(6)  Stop  the  secohmmeter,  and   throw  out  the   balance  for 
steady  currents  obtained  in  (4)  above  by  increasing  S,  thereby 
increasing  the  resistance  of  the  arm  ad  by  a  small'  amount  p,  and 
note  the  steady  deflection  D  scale-divisions  of  G. 

(7)  Repeat    (5)  and  (6)  alternately  a  few  times,  in  order  to 
eliminate  any  error  due  to  the  variation  of  the  battery  E.M.F., 
and   take   the   mean   of   the   two   sets   of  values    of  d  and  D 
respectively. 

(8)  Repeat  (3)-(7),  first  by  increasing  the  E.M.F.   of  B  for 
the  same  speed,  thereby  increasing  d  and  D,  and  giving  greater 
sensibility ;  secondly,  by  employing  four  or  five  different  speeds 
N,  rising  by  about  equal  increments  to  the  maximum. 

NOTES. — Strike  out  those  values  of  L  calculated  in  which  the 
condition  referred  to  in  the  introduction  has  not  been  fulfilled, 
and  take  the  mean  of  the  remainder. 

The  added  resistance  p  may  preferably  have  such  a  value 
as  will  give  d  =  D  approximately. 

The  secohmmeter  gives  four  reversals  for  one  revolution  of 
the  commutator  spindle. 

(9)  Calculate  the  required  self-induction  L  from  the  formula — 

-  •  —  secohms 


(   RS     ,     \ 
lRTs+pJ 


n    D 


R  +  S 

where  d  and  D  are  in  scale-divisions  and  »  =  number  of  reversals 
per  second. 

Tabulate  your  results  as  follows  :— 

P  =  Q  =  ohms. 


Kind  of 
induction 
tested. 

Resistances. 

Speed  of 
commutators,  N 
revolutions  per 
minute. 

Number  of 
reversals,  «, 
per  sec., 

_4N 
60 

Deflections. 

Self-induc- 
tion, L 
secohms. 

R. 

S. 

/. 

P- 

d. 

D. 
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Inferences. — Prove  the  formula  given  in  (9),  and  state  any 
assumptions  made  in  obtaining  it. 


111.  Absolute  Measurement  of  Self =induction 
(Secohmmeter  Method). 

Introduction. — The  following  "null"  or  "zero"  method 
of  measuring  self-induction  by  means  of  the  secohmmeter  is  a 
much  more  sensitive  one  than  the  corresponding  "  deflection " 
method.  The  action  of  the  secohmmeter,  the  apparatus  to  be 
employed,  and  the  arrangement  of  connections,  is  identically  the 
same  as  in  the  preceding  test  by  the  "  deflection "  method. 
The  setting  of  the  commutators  relatively  to  one  another  must 
be  such  that  the  galvanometer  is  not  reversed  exactly,  or  even 
very  nearly  midway  between  two  consecutive  reversals  of  the 
battery,  since,  with  the  former  arrangement  of  the  two,  no 
variation  in  the  resistance  of  any  of  the  arms  of  the  bridge  can 
counterbalance  the 
effect  of  self-induction 
on  driving  the  secohm-  p  ^EI 
meter;  and  the  more  -1. 
nearly  the  commuta- 
tors are  placed  in  this 
midway  position,  the 
smaller  will  be  the 
value  of  K,  a  constant 
depending  on  the  re- 
lative positions  of  the 
two  commutators,  and 
therefore  the  larger  the 

valueof   -^ 


K 


R  +  S 

to  give  balance  for 
given  values  of  L 
and  n. 

Observations. 


FIG.  88. 
-(i)  Connect  up  the  requisite  apparatus  as 
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indicated  in  Fig  88,  the  motor  circuit  not  being  shown,  and  adjust 
the  spot  of  light  to  about  zero. 

(2)  Make  P  =  Q  =  about  the  resistances  /,  if  possible,  and 
accurately  balance  the  bridge  for  steady  currents  in  the  manner 
indicated  in  Obs.  (3)  and  (4)  of  the  preceding  method. 

(3)  Drive   the    secohmmeter    at    some   convenient   constant 
speed  so  that  the  commutators  make  N  revolutions  per  minute, 
and  adjust   the   resistance  of  the   arm   ad  so   that  there   is   no 
deflection  on  G,  and  note  the  values  of  R  and  S  to  do  this. 

(4)  Repeat  (3)  for  several  different  speeds  and  E.M.F.'s  of  B. 

(5)  Determine  the  .value  of  K  for  some  convenient  and  known 
speed   ;/,  experimentally,  by  replacing  the   self-induction   to  be 
measured   by   a   known  standard  of  self-induction    L,,    such   as 
Ayrton  and  Perry's,  shown  on  p.  263,  and  then  repeating  (2)  and 
(3)  above,  whence — 


K  =, 


where  ps,  R,  S,  and  /,  are  the  values  given  by  L,  and  nt. 

NOTE. — The  speed  n  should  be  fairly  high,  so  as  to  make  p 
large. 

(6)  Calculate  the  required  self-induction  L  from  the  formula — 


L  = 


RS 


XP-XK 


where  all   the   symbols,  except  K,  are  those  pertaining  to  the 
unkno\yn  self-induction. 

Tabulate  your  results  as  follows  : — 

Ls  =  secohms  ;  ns  =  revolutions  per  minute  ;  constant,  K,  = 

P  =  Q  =  ohms. 


Induction 
tested. 

R. 

S. 

I. 

P- 

Revolutions  per 
minute,  n. 

Self-induction, 
L. 

Inferences. — Prove  the  formula  given  in  (6),  and  state  any 
assumptions  made  in  obtaining  it. 
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112.  Absolute  Measurement  of  Self = induction 
(Maxwell =Rimington  Method). 

Introduction. — The  following  is  Mr.  E.  C.  Rimington's 
modifications  of  the  original  method  proposed  by  Clerk  Maxwell 
for  measuring  a  self-induction  in  terms  of  the  capacity  of  a  con- 
denser. It  has  the  advantage  of  being  a  "  zero  "  method,  and  of 
obviating  a  succession  of  adjustments  necessary  in  working  the 
original  method. 

Apparatus. — Standard  condenser,  C,  of  known  capacity, 
preferably  a  variable  one  (vide  p.  354) ;  self-induction,  L,  to  be 
measured;  sensitive  ballistic  galvanometer,  G  (vide  p.  283); 
spring  tapping-keys,  K1}  K2 ;  adjustable  non-inductive  resist- 
ance boxes,  P,  R,  and  variable  slide  resistance,  S ;  some 
convenient  potentiometer  resistance,  Q,  fitted  with  a  moving 
plug  contact  capable  of  making  contact  at  any  point,  N,  of  Q ; 
battery,  B. 

NOTES. — Since  the  effect  of  C  and  L  is  to  increase  the  "  time 
constants  "  of  the  circuits  ba  and  cda  respectively,  thereby  retard- 
ing the  rise  of  potential  at  a  to  its  maximum  value,  the  difference 
in  the  rate  of  rise  of  currents  may  cause  G  to  deflect,  even  though 
C  and  L  are  accurately  balanced  on  the  bridge.  To  avoid  this 
difficulty,  the  periodic  time  of  vibration  of  G  should  be  sufficiently 
large,  and  not  less  than  about  4  or  5  seconds,  so  that  the  inductive 
actions  may  settle  down  before  G 
has  time  to  move. 

If  the  ohmic  resistance  of  L  is 
small,  it  may  be  banked  up  with  an 
auxiliary  non-inductive  resistance  in 
series,  but  in  all  cases  /  =  resistance 
of  the  arm  cd. 

Observations. — (i)  Connect  up 
the  above  apparatus  as  shown  in 
Fig.  89,  and  adjust  the  galvanometer 
to  zero  roughly. 

(2)  Make  PQ  and  R  +  S  comparable  with  /,  and  finally 
"  balance  the  bridge  "  accurately  for  steady  currents  in  the  usual 
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way  by  pressing  K!  first,  and  a  second  or  two  after  K2,  S  being 
used  to  obtain  a  delicate  adjustment.  It  will  be  noticed  that  C 
does  not  affect  this  balance. 

(3)  Without  altering  anything,  and  keeping   Q  constant   in 
magnitude   throughout,   alter   the   position   of  N   such   that   no 
inductive  throw  operates  on  G  on  making  K2  first  and  then  KU 
and  note  the  value  of  r. 

(4)  Repeat  (2)  and  (3)  for  the  same  value  of  C,  but  with  about 
four  different  values  for  Q ;  and  again  for  the  same  value  of  Q, 
but  with  about  four  different  values  for  the  capacity  C. 

(5)  Calculate  the  required  self-induction  L  from  the  formula— 

L  =  C^.  r2  secohms 
and  tabulate  your  results  as  follows  : — 


Induction 
tested. 

Capacity,  C. 

r. 

Q. 

L 

Self-induction, 
L. 

Inferences. — Prove  the  formula  given  in  (5),  and  state  any 
assumptions  made  in  deducing  it. 


113.  Absolute  Measurement  of  Self  -induction. 

Introduction. — The  following  is  a  modification  of  Professor 
A.  Anderson's  method  of  determining  a  self-induction  in  terms  of 
the  capacity  of  a  condenser.  It  has  the  advantage  of  being  a 
"null"  method,  and  of  avoiding  any  succession  of  adjustments 
which  would  be  necessary  in  disturbing  the  balance  for  steady 
currents  in  order  to  balance  those  due  to  the  induction  and 
capacity.  If  the  ohmic  resistance  /  of  the  self-induction  is  low, 
it  can  be  banked  up  by  means  of  a  non-inductive  resistance  in 
series ;  /  then  will  be  the  resistance  of  the  combination.  It  may 
be  necessary  in  certain  cases  to  use  a  ballistic  galvanometer  of 
considerable  periodic  time  for  reasons  given  in  the  preceding 
method,  though  in  most  cases  an  ordinary  Thomson  astatic 
galvanometer  is  suitable. 
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Apparatus. — Standard  condenser,  C,  of  known  capacity, 
preferably  a  variable  one  (vide  p.  354) ;  self-induction,  L,  to  be 
measured ;  sensitive  galvanometer,  G  (vide  p.  284) ;  spring  tapping- 
keys,  Kj  and  K2;  battery  of  about  ten  fairly  good  Leclanche' 
cells,  B ;  four  adjustable  non-inductive  resistances,  P,  Q,  R,  and 
S,  in  lieu  of  which  two  P.O.  resistance  bridges  can  be  made 
to  do. 

Observations. — (i)  Connect  up  the  apparatus  as  shown  in 
Fig.  90,  and  adjust  the  galvanometer  to  zero  roughly. 

(2)  Make  S  =  O,  and  with  the  remaining  resistances  "  balance 
the  bridge"  for  steady  cur- 
rents  in   the  usual   way  by 

pressing  Kx  first,  and  then  K2 
a  second  or  two  after.  Note 
the  values  of  P,  Q,  and  R. 

(3)  Make   C    a    suitable 
capacity,  and  adjust  S  so  that, 
on  pressing  K2  first  and  then 
Klf  there  is  no  deflection  on 
G.     Note  the  value  of  S.     It 

is   to   be  ,  noticed  that   altering  S  does   not  affect   the   balance 
obtained  in  (2),  neither  does  the  presence  of  C. 

(4)  Repeat   (2)    and   (3)   for   about   six   different   values    of 
capacity  C,  two  of  the  three  resistances,  P,  Q,  and  R,  taken  as 
proportional  arms,  being  preferably  equal  in  each  case. 

(5)  Calculate  the  required  self-induction  L  from  the  formula — 

L  =  C(P/  +  RS  +  S/)  secohms 

C  being  in  farads  and  all  the  resistances  in  ohms,  and  tabulate 
your  results  as  follows  : — 


Induction 
tested. 

Capacity,  C 
farads. 

P. 

/. 

S. 

R. 

Self-induction 
L. 

Inferences. --Prove  the  formula  given  in  (5),  and  state  any 
assumptions  made  in  deducing  it. 
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114.  Comparison  of  Two  Coefficients  of  Self = 
induction   (Maxwell =Niven   Method). 

Introduction. — The  following  is  a  modification,  due  to 
Professor  C.  Niven,  of  Maxwell's  original  method  for  comparing 
two  unknown  self-inductions  for  the  purpose  of  merely  getting  the 
ratio  or  of  finding  the  absolute  self-induction  of  a  coil  in  terms 
of  a  standard  self-induction  by  comparing  the  two  together.  It 
has  the  advantage  of  being  a  "  zero  "  method,  and  of  avoiding  the 
repeated  adjustments  of  the  resistances  of  the  arms  of  the  bridge 
in  balancing  the  inductions  after  the  balance  for  steady  currents 
has  been  obtained. 

The  standard  self-induction  may  conveniently  be  the  adjust- 
able one  devised  by  Professors  Ayrton  and  Perry,  shown  in 
Fig.  122,  p.  263,  and  a  description,  togeiher  with  calibration 
curves,  there  given. 

Apparatus. — Standard  of  self-induction,  L15  and  ohmic 
resistance,  /j ;  self-induction,  L2,  to  be  measured  of  resistance,  4 ; 
known  standard  non-inductive  adjustable  resistances,  P,  Q,  S,  R1} 
and  R2 ;  spring  tapping-keys,  K15  K2 ;  battery,  say  of  about  ten 
fairly  good  Leclanche  cells,  B;  ordinary  galvanometer,.G,  of  high 
sensibility  (vide  p.  284) ;  plug  key,  K,  for  short-circuiting  the 
self-induction  ~L.2. 

NOTE. — It  may,  in  cases  where  Lx  is  small,  be  found  necessary 

to  bank  its  resistance  up  by  in- 
serting a  suitable  non  -  inductive 
resistance  in  series  with  it  in  the 
part  bx,  when  /x  will  represent  the 
total  resistance. 

Observations.  —  (i)  Connect 
up  the  apparatus  as  shown  in  Fig.  91, 
roughly  setting  the  galvanometer  G 
to  zero. 

(2)  Make  P  =  Q  if  convenient, 

and  plug  up  K2  and  K  so  that  these  branch  portions  have  no  resist- 
ance ;  make  S  =  infinity,  then  adjust  R13  and,  if  necessary,  P  and 
Q  again,  so  as  to'  balance  the  bridge  for  steady  currents  by 
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pressing  Kj  first  and  then  K2,  and  note  the  final  values  of  R1}  Q, 
and  P. 

(3)  With  S  still  infinity,  unplug  K,  and  adjust  R2  (only),  so  as 
still  to  preserve  balance  for  steady  current,  as  in  (2). 

(4)  Now  adjust  S  from  infinity  to  such  a  value  that,  on  press- 
ing  K2  first  and   then  K15  there  is  no  deflection  on  G  due  to 
induction. 

(5)  Repeat    (2)-(4)   for   some   six    different    values    of    the 
standard  self-induction  L15  and  calculate  the  required  ratio  of  self- 
inductions  and  the  value  of  the  unknown  from  the  formula — 

Lj      Q(S  +  R,  +  /,) 


L>  SP 

Tabulate  your  results  as  follows  : — 


Standard  self-induction,  LI,  at    °  C.  has  an  ohmic  resistance,  l\,  =               ohms. 

Induction 
tested. 

P. 

Q. 

S. 

RI. 

LI. 

LI 

ti 

L2. 

! 

Inferences. — Prove  the  relation  given  in  (5),  and  state  any 
assumptions  made  in  obtaining  it. 


115.  Comparison  of  Two  Coefficients  of  Self = 
induction   (Secohmmeter  Method). 

The  sensibility  of  the  preceding  Maxwell-Niven  method  of 
comparison  can  be  increased  by  using  the  secohmmeter  described 
on  p.  259.  Its  function  is  merely  to  perform  the  work  of  Kx  and 
K2  in  Obs.  (4)  of  that  method,  and  to  increase  the  sensitiveness 
of  the  balance  for  induction  currents.  The  points  b  and  d  are 
connected  direct  to  terminals  "  bridge  "  on  the  battery  side,  and 
a,  c  to  bridge  on  galvanometer  side  of  the  secohmmeter,  while  B 
and  G  are  connected  directly  across  terminals  marked  "  battery  " 
and  "galvanometer"  respectively.  The  secohmmeter  can  be 
motor-driven,  as  in  Fig.  1 19,  at  any  speed  which  need  not  be  known, 
and  the  greater  it  is  the  more  sensitive  the  test ;  the  rate  of  reversal 
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must  not,  however,  be  too  great  for  the  currents  to  reach  their 
steady  values  between  two  consecutive  battery  reversals.  The 
method  otherwise  is  exactly  the  same. 

Fig.  92  shows  diagrammatically  the  arrangement  for  com- 
paring two  coefficients,  L1?  L2,  of  self-induction  by  means  of 
the  Wheatstone-bridge-secohmmeter  method,  when  only  a  P.O. 
Wheatstone  bridge  is  available.  The  diagram  practically  explains 
itself,  in  which  the  two  commutators,  BC  and  GC,  are.  shown 
symbolically  by  the  cross-line  arrangement.  The  standard  self- 
induction  L.2  (vide  p.  263)  is  joined  in  series  with  some  convenient 
form  of  slide  wire  and  contact  and  the  adjustable  arm  of  the 


FIG.  92. 

P.O.  bridge,  by  which  a  perfect  balance,  and  not  one  correct  to 
i  ohm  only,  can  be  obtained. 

The  ratio  arms  are  given  some  convenient  values,  and  the 
bridge  balanced  for  steady  currents  in  the  manner  already  de- 
scribed. The  secohmmeter  is  then  rotated,  and  L2  adjusted  to 

again  give  no  deflection,  when  we  get  — ^  =  — . 

L2      1'?. 

To  save  time,  turn  L.2  to  its  extreme  positions ;  then,  if,  on 
rotating  the  secohmmeter,  deflections  on  each  side  of  zero 
respectively  are  obtained,  a  balance  is  possible  at  some  inter- 
mediate position.  If  both  positions  give  deflections  to  same  side 
of  zero,  then  either  rl9  rz  must  be  altered,  or  an  extra  standard 
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self-inductor  added  to  L.2,  in  order  to  obtain  balance,  in  which 
cases  that  for  steady  currents  must  be  reobtained. 

NOTE. — In  this  and  all  similar  tests  the  self-inductions  must 
be  so  placed  that  they  do  not  affect  one  another  or  the  galvano- 
meter. 


116.  Absolute  Measurement  of  Mutual 
Induction  (Carey = Foster  Method). 

Introduction. — The  following  is  a  method,  devised  by 
Professor  Carey  Foster,  for  measuring  a  coefficient  of  mutual 
induction  absolutely  in  secohms  in  terms  of  a  capacity.  It  has 
the  advantage  of  being  a  "zero"  method,  and  fairly  easy  of 
manipulation. 

Apparatus. — Sensitive  reflecting  galvanometer,  G,  of  con- 
siderable periodic  time  (vide  p.  285) ;  standard  condenser,  C,  of 
known  capacity  of  a  variable 
type,  preferably  similar  to  that  in 
Fig.  223;  non-inductive  known 
variable  resistances,  R,  S;  fairly 
good  battery  of  Leclanche  cells, 
B ;  spring  tapping-key,  K ;  coils 
of  mutual  induction,  M,  to  be 
tested,  and  of  ohmic  resistances, 
P  and  Q  respectively. 

NOTES.— It  should  be  pointed  FlG-  93- 

out  that   the    figure   does   not   represent   a   Wheatstone   bridge 
arrangement. 

If  there  is  leakage  between  the  primary  coil  P  and  secondary 
Q,  a  small  permanent  deflection  of  G  will  result  when  K  is 
"  made."  This  can  be  discarded,  and  only  "  kicks  "  looked  for. 

If  the  mutual  induction  apparatus  consists  of  a  transformer 
with  a  substantial  iron  core,  the  "  time  constants  "  for  the  capacity 
and  mutual  inductions  will  probably  be  very  different,  the  con- 
denser discharge  giving  a  throw  in  one  direction,  and  M  a  later 
throw  in  the  opposite  direction.  For  this  reason  G  should  have 
a  fairly  large  "  periodic  time "  of  vibration,  so  as  to  enable  the 

p 
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inductive  and  capacity  effects  to  settle  down  before  G  has  a 
chance  to  move,  and  thereby  enabling  a  balance  to  be  obtained 
with  less  difficulty. 

The  most  sensitive  arrangement  of  the   resistances  will   be 


•n 

obtained  when  g  ,   Q 


p  _j_ 


-,  where  G  and  B  =  galvanometer 


and  battery  resistances  respectively. 

Observations.  —  (i)  Connect  up  the  above  apparatus  as 
shown  in  Fig.  93,  taking  care  that  the  secondary  coil  Q  is  so 
coupled  up  that  the  induction  throw  due  to  it  is  in  the  opposite 
direction  to  the  capacity  throw.  Adjust  G  to  zero  roughly.  - 

(2)  Adjust  C  to  some  suitable  value,  and  then  vary  R  or  S, 
or  both,  so  that  on  "  making  "  and  breaking  the  primary  circuit 
by  means  of  K,  no  "  kick  "  is  observed  on  G. 

(3)  Repeat  (2)  for  a  series  of  values  of  C,  from  the  largest 
downwards,  with  a  suitable  number  of  cells  for  B. 

(4)  Calculate   the    required   mutual   induction   M   from    the 
relation  — 

M  =  CR(S  +  Q)  secohms 

and  tabulate  your  results  as  follows  :  — 


G  =            ohms  ;  B  =            ohms  ;  primary,  P,  =            ohms 

;  Q  =            ohms. 

Induction 
tested. 

Capacity,  C. 

R. 

S. 

(S  + 

Q). 

Mutual  induction, 
M. 

(5)  Repeat  (2)-(4)  with  the  positions  of  the  two  coils  inter- 
changed. 

Inferences. — Prove  the  relation  given  in  (4),  and  state  any 
assumptions  made  in  deducing  it. 


117.  Comparison  of  Coefficients  of  Mutual 
Induction   (Maxwell's  Method). 

Introduction. — The  method,  which  is  practically  that  origi- 
nally proposed  by  Clerk  Maxwell,  enables  either  the  ratio  of  two 
coefficients  of  mutual  induction  to  be  found,  or  one  measured 
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absolutely  in  secohms  in  terms  of  a  standard  coefficient  of 
mutual  induction.  It  has  the  advantage  of  being  a  "zero" 
method,  and  is  strikingly  analogous  to  Lumsden's  or  Bosscha's 
zero  method  of  comparing  E.M.F.'s.  In  fact,  it  is  the  two 
secondary  induced  E.M.F/s  of  the  two  mutual  inductions  that 
are  compared  when  the  same  current  is  "  made "  or  broken  in 
their  primaries. 

Apparatus.— Sensitive  fairly  high- resistance  galvanometer, 
G;  adjustable  non-inductive  resistance  boxes,  R1}  R2;  suitable 
battery,  C ;  spring  key,  K ;  the  two  mutual  inductions  to  be 
compared,  M1}  M2,  of  which  P1}  P2  are  their  primaries  and  S1}  S2 
their  secondaries  of  ohmic  resistance,  rlt  ;-2. 

NOTE. — M!  may  be  a  standard  of  mutual  induction  of  the 
form  shown  in  Fig.  122  (p.  263),  with  slight  modification. 

Observations. — (i)  Connect  up  as  in  Fig.  94,  so  that  the 
induced  secondary  E.M.F.'s 
are   in   series  and  help  each 
other.     Adjust  the   galvano- 
meter G  to  zero  roughly. 

(2)  Make  Rj  =  some  suit-   P, 
able   value,   and   adjust    R2, 

so  that  on  "making"  and 
"  breaking  "  the  primary  cir- 
cuit with  K,  no  deflection  is 
produced  on  G. 

(3)  Repeat  (2)  for  different  values  of  R,,  R2,  and  also  with 
increased  E.M.F.  at  the  battery  C,  and  for  different  values  of  the 
standard. 

(4)  Compare  the  mutual  inductions,  and  find  the  value  of  the 
unknown  from  the  relation — 


M 


FIG.  94. 


MI 

M2 


/  a 


and  tabulate  as  follows  : — 


r^  =            ohms  at            °  C.  ;  r^  -            ohms  at             °  C. 

Induction 
tested. 

Rl- 

R2 

Standard, 
M!. 

M, 
M2 

M2. 
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(5)  Repeat  (2)-(4)  with  the  primary  and  secondary  of  both 
M!  and  M2  interchanged  in  position. 

Inferences. — Prove  the  relation  given  in  (4),  and  state  any 
assumptions  made  in  obtaining  it. 


118.  Comparison  of  Coefficients  of  Mutual 
Induction  (Secohmmeter  Method). 

Introduction. — This  method  is  merely  a  slight  modification 
of  the  last  for  increasing  its  sensitiveness  by  using  the  secohm- 
meter  and  dispensing  with  K.  The  nature  of  the  action  of  this 
appliance  is  stated  on  p.  259,  and  the  general  arrangement  for 
driving  it  by  a  small  electro-motor  is  shown  in  Fig.  119. 

In  other  respects  the  present  test  is  identically  similar  to  the 
last,  and  the  secohmmeter  is  connected  up  as  follows  :  Connect 
the  points  a  and  b  to  terminals  marked  "  bridge  "  on  the  galvano- 
meter side  of  the  secohmmeter,  and  A  and  B  to  those  marked 
"  bridge  "  on  the  opposite  side.  Place  G  and  B  directly  across 
their  respective  pairs  of  terminals,  and  dispense  with  K. 

The  speed  at  which  the  secohmmeter  is  driven  need  not  be 
known,  but  the  greater  it  is  the  more  sensitive  the  test ;  the  rate 
of  reversal  must  not,  however,  be  too  great  for  the  currents  to 
reach  their  steady  values  between  two  consecutive  battery 
reversals. 


119.  Absolute  Measurement  of  Mutual  In= 
duction  by  Hibbert's  Standard  Mag= 
neto=inductor. 

Introduction.  —  The  following  ballistic  or  "  deflection " 
method  readily  enables  a  coefficient  of  mutual  induction  to  be 
determined  in  absolute  measure  or  otherwise.  It  involves  the 
use  of  a  standard  of  magnetic  induction,  a  convenient  form  of 
which  is  that  devised  by  Mr.  W.  Hibbert,  and  described  in  the 
Appendix  (p.  358). 
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Apparatus. — Mutual  induction  arrangement,  M,  to  be  tested ; 
sensitive  ballistic  galvanometer,  G  (vide  p.  286) ;  standard  in- 
ductor, I ;  standard  known  resistance  box,  r ;  suitable  current 
measurer,  A  (vide  p.  274) ;  reversing  key  or  switch,  K  (vide  p.  329) ; 
battery,  preferably  of  secondary  cells,  B  (vide  p.  337)  ;  variable 
rheostat,  R  (vide  p.  308). 

Observations. — (i)  Connect  up  as  shown  in  Fig.  95,  prefer- 
ably arranging  so  that  I  and  M  both  deflect  G  individually  in  the 

same  direction.     Adjust  the  gal-  v\AAA/V^- N— 

vanometer  G  to  zero.  /Q\  (\  j 

(2)  Close  K,  and  adjust  the     Sr  S  \T 
current  on  A  to  the  maximum        ^&S&3Jt3S&^ 
value  which   it   may   have,  and     ^^/^^^^M>^K 
then  the  resistance  r  to  such  a    ^ 

value   as   to   obtain  a  full-scale 

x*.^, ./  fj 

"  throw "   on  G  on  suddenly  re- 
versing the  current  by  K.     Note  FlG>  95* 
this  throw  d^  scale-divisions  and  the  current  on  A  reversed. 

(3)  With  K  open  and  ;•  as  in  (2),  slip  the  inductor  coil,  and 
note  the  throw  d2  scale-divisions  on  G. 

(4)  Repeat  (2)  and  (3)  for  about  ten  different  values  of  A, 
decreasing  regularly  to  the  lowest  convenient. 

(5)  Repeat  (2)-(4)  with  the   positions   of  P   and    Q   inter- 
changed. 

(6)  Calculate  the  coefficient  of  mutual  induction  M  from  the 
formula — 


A/T 

•      M  = 

where  K  =  the  constant  of  the  inductor  =  N«,  N  being  the  totgl 
number  of  lines  of  force  cut  by  the  n  turns  of  I. 

NOTE. — Since  the  secondary  circuit  resistance  is  kept  constant 
for  each  separate  pair  of  deflections  d^  and  d^  it  has  not  to  be 
allowed  for. 

The  constant  K  being  in  C.G.S.  measure,  A,  if  in  amperes, 
must  be  expressed  in  similar  measure  by  multiplying  the  numerator 
K^j  by  ten,  whence  M  will  be  given  in  centimetres  or  absolute 
measure. 

If  the  secondary  circuit  resistance  cannot  be  kept  constant 
in  each  pair  of  observations,  (2)  and  (3),  let  Rj  and  R2  be 
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its    total  resistance    corresponding    to    d^   and   d»   respectively 
Then— 

_ 
~ 


Tabulate  your  results  as  follows  :— 


Inductor  ;  turns,  ft,  —         of  resistance         ohms  at        °  C.  ;  resistance  of  primary,  P,  = 
flux,  N,  =  C.G.S.  lines  ;  resistance  of  secondary,  S,  = 


Induction 
tested. 

Throws. 

r. 

Total  resistance. 

Current, 
A. 

M. 

*. 

<&• 

Ri. 

R2. 

Inferences. — Prove  the  relation  for  M  given  above,  and  state 
any  assumptions  made  in  obtaining  it. 


120.  Determination  of  the  Laws  of  Combi= 
nation   of  Self=inductions  in   Parallel. 

Introduction. — The  present  test  is  arranged  with  the  object 
of  determining  the  way  in  which  the  "  combined  "  or  "  equivalent " 
self-induction  of  a  number  of  individual  inductions  varies  for 
different  series  and  parallel  combinations  of  the  latter.  The 
problem  has  an  important  bearing  in  certain  branches  of  electrical 
work,  especially  in  connection  with  alternating  currents  of  elec- 
tricity, and  therefore  attention  is  directed  to  elucidating  the  effect, 
and  generally  the  somewhat  vague  notions  of  how  self-inductions 
combine.  The  self-inductions  to  be  experimented  with  may 
conveniently  consist  of  four  coils,  I .-IV.,  exactly  similar  to  each 
other  in  size,  form,  number  of  turns,  and  resistance,  and  similar 
to  that  illustrated  in  the  Appendix  (p.  265);  two  different  coils, 
V.  and  VI.,  should  be  available  to  combine  with  these  four,  so 
as  to  produce  unsymmetrical  combinations  as  well.  The  self- 
inductions  can  be  measured  by  one  of  the  preceding  methods, 
say,  that  on  p.  205,  and  when  measuring  combinations,  care  must 
be  taken  in  placing  them  in  such  positions  as  to  avoid  mutual 
induction  effects  between  them. 
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Apparatus- — All  that  mentioned  in  this  method  and,  in 
addition,  the  self-inductions  as  suggested  above. 

Observations. — (i)  Measure  the  self-induction  L  and  re- 
sistance R  of  each  of  the  coils  I.-VI.  separately. 

(2)  Measure  L  and  R  when  they  are  two,  three,  four;  five,  and 
« six  in  series. 

(3)  Measure  L  and  R  when  I.  and  II.,  III.  and  IV.,  I.  and 
V.,  and  II.  and  VI.  are  in  parallel. 

(4)  Measure  L  and  R  when  I.-IV.  and  L,  II.,  V.,  and  VI. 
are  connected  two  in  series  and  two  in  parallel. 

(5)  Measure  L  and  R  when  I.-III.  and  I.,  V.,  and  VI.  are 
three  in  parallel. 

(6)  Measure  L  and  R  when  I.-IV.  and  L,  II.,  V.,  and  VI. 
are  four  in  parallel. 

(7)  Measure  L  and  R  when  I.-VI.  are  all  in  parallel,  and 
tabulate  as  follows  : — 


Combination 
of  induc- 
tions. 

Capacity, 
C. 

P. 

s. 

R. 

Resistance,  /. 

Self-induction,  L. 

Found. 

Expected. 

Found. 

Expected. 

Inferences  — State  clearly  all  that  can  be  inferred  from  the 
above  test. 
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Magnetic  Moments  of  Magnets. 
Deflection  Method. 

Solution  of  Inferences.—^.  Position.— Let  the  horizontal  in- 
tensity H  of  the  earth's  field  act  parallel  to  the  needle  ns  in  its 
position  of  rest.  Also  let  the  force  F  of  the  bar  magnet,  whose  length 
=  2/,  on  one  of  the  poles  of  the  needle  be  always  at  right  angles  to 
this  position  of  rest  ;  therefore  F  =  m^  tan  0  on  either  pole  of  the 
needle.  Now,  by  the  law  of  "  inverse  squares,"  the  force  exerted 

between  two  magnetic  poles  of  strengths  mlt  m.2  =  ™imz  dynes,  where 

d* 


Im 


FIG.  96. 

d  =  distance  between  them  in  centimetres,  which  force  is  a  mutual 
attraction  if  the  poles  are  of  opposite  kinds,  and  a  repulsion  other- 
wise ; 

///;;/, 


Therefore  force  exerted  by  N  pole  on  one  pole  of  the  needle  = 


and     „ 


(d  - 


where  in  =  strength  of  magnet's  poles,  and  ;;/x  that  of  the  needle's. 
But  these  forces  act  in  opposite  directions  on  the  same  pole  of  ns. 
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Hence  resultant  force    F    of   the  magnet    on    either    pole    of  the 
mm^  mm^  n\ 


needle  = 


(d-l 


(d°  - 


tan  0. 


But  m  =  —  ,  and  equating  either  the  forces  or  couples  acting  — 

2/ 


Then 


=  H  tan  B 


and  /.  M  = 


2<t 


-H  tan 


Assumptions.—  (i)  That  the  poles  of  the  magnet  are  at  the  ends, 
and  therefore  at  a  distance  2/  apart. 

(2)  That   the    length  2/  is  very  large  compared   with  the  length 
of  needle,  so  that  the  mutual  forces   between   the   magnet   are   all 
parallel. 

(3)  That  the  forces  are  unaltered  in  magnitude  by  the  deflection  of 
the  needle. 


N 


;R  tHm« 


Deflection  Method. 

Solution  of  Inferences.—^.  Position.— Let  the  horizontal  in- 
tensity H  of  the  earth's  field  act  parallel 
to  the  needle  ns  in  its  position  of  rest  in 
the  magnetic  meridian. 

Also  let  2/  =  length  of  the  bar  magnet 

NS, 

2/j  =  length  of  the  needle, 
m  =  strength  of  either  of  its 

poles, 
ml  =  strength  of  either  of  the 

needle's  poles, 
d  =  distance  between    centre 

of  needle  and  magnet, 
F  =  resultant  force  acting  on 
ns  causing  a  deflection  0, 
Then,    since    the    distance    of    either 
pole  of  the  magnet  NS  from  the  needle 
=  *JcP  +T2,  by  the  law  of  inverse  squares 
we  see  theforce  exerted  between  eithermag- 
net  pole,  and  say  the  s  pole  of  the  needle, 


/  \         / 

"1 

("f-J^.. 

s 

\      '«\ 

\     M  \ 
'  V      v 

/ 
/ 

•* 

/ 

\ 

/ 

\ 

/ 

^ 

/ 

\ 

/ 

\ 

/ 

V 
\ 

/ 

\ 

/ 

\S    u 

1 

rf  > 

F 

I 

F] 

G.   97. 

whether  of  attraction  or  repulsion,  =  —  -  - 


mm 


- 

+  /2)2 


I*) 
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But  these  combine  to  an  equivalent  single  F  acting  parallel  to  NS, 
which  pulls  the  s  pole  of  the  needle  counter  clockwise. 

,-,        mm,  2.1 
Hence  F  =  - 

(d*  +  /2)* 

which  is  the  same  force  acting  in  the  same  direction  on  //. 

Therefore  couple  acting  on  needle  =  ;;*2//^2/1  c°s  °  due  to  magnet, 

and  couple  acting  on  needle  =  w1H2/1  sin  6  due  to  earth's  magnetism  ; 
and  when  the  deflection  6  is  steady,  these  couples  just  balance. 

Hence  m^H  sin  0  =  ^fai^/,  cos_» 

(rf8  +  /2)* 
or  H  sin  6=    M  cos  * 


:.  M  =  (^2  +  /2)H  tanfl 
where  mil  =  M,  the  magnetic  moment  of  the  magnet. 


Vibration  Method. 

Solution  of  Formula.— Let  the  magnet  be  deflected  from  its 
position  of  rest  in  the  magnetic  meridian,  through  a  small  angle  0 ; 
then  the  horizontal  component  H  of  the  earth's  field  exerts  a  torque, 
tending  to  bring  the  magnet  back  to  its  original  position  of  rest. 

Now,  let  m  =  the  strength  of  each  of  the  magnet's  poles,  and  2/  the 
distance  between  them,  and  K  =  moment  of  inertia  about  the  axis  of 
vibration.  Then,  since  a  magnet,  whose  length  is  large  compared  with 
its  breadth,  may  be  assumed  to  have  two  poles  of  equal  strength,  but 
of  opposite  kinds,  situated  at  its  ends — 

The  magnetic  moment  M  =  2ml 
and  the  force  acting  on  each  pole  =  mH 

therefore  the  couple  exerted  by  these  j  =  wH  x  2/  sin  e  =  MH  sin  , 
two  equal  and  opposite  forces       ) 

Now,  for  translational  motion  we  have  force  acting  =  mass 
x  acceleration',  and  for  rotational  motion  we  have  couple  acting 
=  moment  of  inertia  x  angular  acceleration  ; 

whence  MH  sin  0  =  KcJ 

where  &  =  angular  acceleration. 

But  the  equation  of  motion  for  a  simple  pendulum  is — 

g  sin  e  —  li> 
where  /  =  length  of  pendulum,  and  g  the  acceleration  due  to  gravity. 
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Thus  the  periodic  time  of  vibration  T  =  2?/ 


consequently,  for  the  magnet  T  =  2ir/v  / 


K 

MH 

on  the  assumption  that  6  is  small,  say,  not  more  than  5°  or  10°,  and 
that  the  motion  is  one  of  pure  rotation. 


Measurement  of  Resistance. 
Substitution  Method. 

Solution  of  Inferences.  —  Let  g  =  resistance  of  the  galvanometer, 
and  R,  r  that  of  the  known  and  unknown  ;  also  let  E  =  E.M.F.  of  the 
battery,  and  b  its  internal  resistance.  Then,  if  C  is  the  current  flowing 
both  when  R  and  r  are  separately  in  circuit,  as  is  indicated  by  the 
same  galvanometer  deflection  in  each  case,  we  have,  by  Ohm's  law  — 

E  E 

= 


R  +  b+g      r  +  b 
Hence  R  =  r  (the  unknown  resistance). 

This  is  based  on  the  assumption  that  both  E  and  b  are  constant 
throughout  any  pair  of  readings,  which  may  not  be  true  unless  the  cell 
has  a  fairly  constant  E.M.F.  (such  as  that  of  a  Daniell),  and  is  allowed 
to  send  only  a  feeble  current  by  having  the  external  resistance  as  high 
as  possible. 


Wheatstone  Bridge  Method. 

Referring  to  Fig.  19  (p.  37),  let  V^  V2,  V3  be  the  potentials  of  the 
points  A,  H,  and  D  respectively  ;  then,  when  no  current  flows  through 
the  galvanometer,  i.e.  when  the  bridge  is  balanced,  and  there  is  there- 
fore no  deflection,  V2  will  be  the  potential  of  the  point  C  also.  Hence, 
if  C1?  C2,  C3,  C4  are  the  currents  flowing  through  the  resistances 
r\i  r»  r3,  r4  respectively  of  the  "  arms,"  then,  since  no  current  passes 
through  G,  we  have,  by  Ohm's  law — 

Y!  -  V2  =  C^  =  C4r4 
and  V2  -  V3  =  C2r2  =  C3r3 

But  C,  =  C2  and  C3  =  C4 

Hence,  dividing  up,  we  have — 


which  is  the  law  of  the  Wheatstone  bridge. 
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Differential  Galvanometer  Method. 

Referring  to  Fig.  21  (p.  42),  let  the  shunts  and  resistances  be 
as  shown,  and,  moreover,  let  E  —  E.M.F.  of  the  battery,  and  B  its 
internal  resistance.  Then,  if  Ct,  C2  =  currents  flowing  through  R  and  x 
respectively,  and  g  —  resistance  of  each  galvanometer  coil,  by  Ohm's 
law  we  have — 

c  ;i-i-. E 

^1  C       _L    (T  V      (T 


and  C<>  = 


Now  Q  =  C2.when  balance  is  obtained,  and  g  does  not  deflect,  also  B 
is  the  same  in  both  cases,  and  therefore  cancels,  then  we  have — 


Sl+£        R+ J£_         %+g   '     r 


Hence  x  =  (Ji  +^^2R  -  fj] 

h+*j*    -,  +  £ 

J2 

If  no  shunts  are  used,  ^  =  00  and  s.2  =  co ,  and  we  have — 

:.  x  =  R 


High    Resistance    by   the   Substitution 
Method. 

Referring  to  Fig.  22  (p.  43),  let  G  =  resistance  of  the  galvano- 
meter, and  B  that  of  the  battery.  Then,  if  Cj  =  current  flowing  when 
R  is  in  circuit  and  a  deflection  d&  is  obtained,  and  C.2  =  current 
flowing  when  r  is  in  circuit  and  a  deflection  d,  is  obtained,  by  Ohm's 
law,  we  have  — 


SRG         (SK  +  G)(R  +  6)  +  SBG 
+      + 
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and  C9  =  Krf.  -      Sy       .  £ 


~r'G      r+B         SrG        (Sr  +  G)(r  +  B)  +  SrG 
S,  +  G 

where  K  =  a  constant  which  reduces  the  galvanometer  deflections  to 
current  units. 

But  B  will  be  very  small  compared  with  either  R  or  r,  and  if  E 
is  constant,  we  have  by  division — 


=d    , 

'"    R 


a|  R(I  +  ~  J  +  G|  -  dr  \r(i  +  ^  )  +  GJ 


whence 


If  no  shunts  are  used,  then  SR  =  infinity,  and  also  Sr  =  infinity, 
and  we  have  — 

/.  <4(R  +  G)  -  dr(r  +  G) 

and  further,  if  G  is  small  compared  with  R  and  r  — 
Then  ^RR  =  drr 


Low  Resistance  by  the  Potential  Difference 
Method. 

Referring  to  Fig.  26  (p.  51),  let  C  be  the  current  which  flows 
through  the  two  resistances  R  and  r  in  series,  and  let  V  and  v 
-  potential  differences  across  the  ends  of  R  and  r  respectively  ; 

V      TJ 

Then,  by  Ohm's  law,  C  =  -  =  - 

But  the  galvanometer  deflections  dR  and  dr  are  directly  oc   V  and  v 
respectively  ; 

Hence  ^  =  d_ 
R       r 

.'.  r  =  ^R  ohms 
<4 

In  this  we  assume  the  current  to  remain  constant  in  the  time  taken 
to  observe  dr  and  d^. 
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Laws  of  Combination  of   Resistances  in 
Parallel. 

Let  there  be  any  number  of  circuits  of  resistances  A,  B,  C,  .  .  . 
in  parallel  between  two  points,  the  potentials  of  which  =  V1  and  V2 
respectively.  Also  let  Rc  be  their  combined  resistance,  i.e.  a  resist- 
ance such  that  if  it  were  placed  across  V15  V2  instead  of  A,  B,  C,  the 
same  total  current  would  flow  from  the  battery. 


FIG.  98. 
This  total  current  would  therefore  = 


Re 
v.  _ 
and  the  current  through  A  = 


V,  -  V.2 


A 

That  through  B  =  V*  ~  Vg,  etc. 
B 

But  the  main  current  must  equal  the  sum  of  the  branch  currents  ; 
Vi-V2      Vi- 


Hence 


1         ill 

R=A+B+C 


In  other  words,  the  reciprocal  of  the  combined  resistance  is  equal  to 
the  sum  of  the  reciprocals  of  the  resistances  of  the  individual  parallel 
circuits. 


Magneto =inductor  Method. 

Referring  to   Fig.  27,  let  M  =  resistance  of  the  inductor,  and  G 
resistance  of  the  galvanometer.     Then,  if  the  N  turns  on  the  coil 

Q 
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of  the  inductor  cut  a  number  of  lines  of  force  F  of  the  magnetic  field, 
the  whole  quantity  of  electricity  set  up  in  the  transient  current  is  — 

NF 
Q  =  ^TT"p»  wnen  K!  is  closed 

and  if  Q,,  Q2  are  the  quantities  which  flow  when  Rt  and  R2  are  in 

circuit  — 

NF 

-irFcTii 

NF 


M  4-  r    4-  T? 
M  -f  G  -f  R2 

and  since  </,  ^/,,  and  d%  are  respectively  oc  Q,  Q1;  Q2,  by  division  we 
get- 

M  +  G 


Q        </       M  +  G  +  R! 
d  Qg  =  4  =       M  +  GL 

Q       d      M  +  G  +  R2 
and  by  a  well-known  rule  in  proportion  we  have  — 

^  M 


___ 
d-d,       M  +  G  +  R!  -  M  -  G 

4          M+G 
also  -T  ---  ~r  =  —  -  — 
«  —  a.2  R2 

R,  =  rf-^  >  4 
"  R2  ~  tt  -  dz  d, 


Measurement  of   Very   High   or    Insulation 
Resistance   (Loss  of  Charge   Method). 

Let  V2  =  P.D.  first  used  to  charge  the  condenser  at  any  instant 
with  a  quantity  Q  of  electricity,  which  may  be  taken  as  proportional 
to  the  deflection  on  the  electrometer.  Then,  if  C  is  the  capacity  of  the 
condenser,  we  have  — 


7f~\ 

Now,  —  —  -  rate  of  loss  of  charge  =  current  flowing  from  one  coat- 
ing to  the  other.     Hence,  by  Ohm's  law  — 

_(^==Y^=  _c^ 
dt       R  dt 
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and  integrating,  we  get — . 

log  V2  +  ^c  =  A,  a  constant 

If  now  the  P.D.  falls  to  V.>  from  V,  in  /  seconds,  the  constant  A  is 
found  by  putting  /  =  o,  whence  A  =  log  V, 


Rlog^ 


Measurement  of  Galvanometer  Resistance. 
44  Equal"  and  "Half  "  Deflection  Methods. 

Solution  of  Inferences.— These  will  be  found  under  the  similar 
headings  for  the  internal  resistance  of  batteries,  and  the  solutions  of 
the  inferences  connected  with  them. 


Thomson's   Method. 

The  solution  of  inferences  in  this  method  is  practically  given  in 
those  for  the  Wheatstone  bridge  (p.  222). 


Logarithmic   Decrement  Method. 

Let  A1}  A.,,  and  A3  be  the  logarithmic  decrements  of  the  galvano- 
meter when  its  terminals  are/ra?,  short-circuited^  and  joined  through 
a  resistance  R  respectively. 

Then  A,  =  A  +  ^77  ,  where  R  =  oo 

B 
.".  -      -  also  =  oc ,  hence  A,  =  A 


T) 

.'.  -  =  A2  -  A  =  A,  -  A,,  or  B  = 

r* 
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A3  =  A  + 
B 


=  A3  -  A  =  A3  -  A1?  or  B  =  (R  +  £-)(A3  -  AJ) 

where  A  and  B  are  constants  which  can  be  eliminated  as  above,  and 
g  is  the  required  galvanometer  resistance. 
From  the  above  we  therefore  have — 

£-(A2  -  Ax)  =  R(A3  -  AX) 

•*•  £"(A2  -  As)    =    R(*3    ~   Al) 
A3  —  A, 

Hence  ^  =  —      —  R  ohms 


Internal  Resistance  of  a  Battery. 
Half=deflection   Method. 

Solution  of  Inference. — Let  E  =  E.M.F.  of  the  battery  of  in- 
ternal resistance  B,  and  G  =  galvanometer  resistance.  Then,  if  Ru 
R2  are  the  box  resistances  corresponding  to  deflections  dl  and  d2  re- 
spectively, we  have,  by  Ohm's  law — 


R!  +  B  +  G 

and  Kd2  =  — — — - 

where  K  =  constant  which  reduces  the  deflections  to  amperes. 
Hence  since  dz  =  \d^ 

E  E 

8  *  R,  +  B  +  G  *  R»  4-  B  +  G 

or  B  =  R2  -  2Rj  -  G 

If  G  is  shunted  by  a  shunt  of  resistance  S,  then  its  effective  terminal 

Bf* 

resistance  will  =   -   — ,  which  must  therefore  be  used  instead  of  G 
S  +  G 

in  the  above  relation. 
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Beetz's   Method. 

Referring  to  Fig.  38  (p.  82),  let  the  current  flowing  through  the 
cell  B  to  be  tested  =  A  at  the  moment  of  exact  balance.  Then,  since 
there  is  no  current  through  G,  we  have,  by  Ohm's  law  — 


B  +  r,  +  r2 

and  A  =  — 
*i 

where  E  and  e  —  the  E.M.F.'s  of  the  cells  having  internal  resistances 
B  and  b. 

E       B  +      +  r 


and  if  r/  and  r2'  are  the  resistances  for  any  other  balance,  we  have — 

Tj1  Tj       i  /       i  / 

_    _  -~— 

B  +  r^  +  r2  _  B  +  r/  +  r2' 
rx  r/ 

n'C^i  +  ^2)  -  ^1(^1'  +  ^2')    ,. 
or  B  =  -  — ; —         '-  ohms 

r,  -  r/ 

It  is  here  assumed  that  -  is  constant,  which  cannot  quite  be  true. 


Fall  of  Potential   Method. 

The  solution  of  the  inferences  will  be  at  once  obvious  by  reference 
to  Fig.  99. 

Let  the  ordinate  OA  re- 
present the  E.M.F.  of  the 
cell,  and  let  OB  be  the  total 
circuit  resistance.  Then,  if 
we  set  off  OD  =  B,  the  in- 
ternal resistance  of  the  bat- 
ter)', draw  D  N  perpendicular 
to  OB  and  NC  parallel  to 
OB,  we  see  that  AB  represent 
the  fall  of  potential  all  round 
the  circuit  of  total  resistance 


B 


FIG.  99. 


OB  =  OD  4-DB  =  B  +  R,  where  R  =  the  resistance  external  to  the 
cell. 
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Similarly,  AN  is  the  fall  down  the  internal  resistance  B  of  the  cell. 
Now,  evidently  DN  is  the  P.D.  V  at  the  terminals  of  the  cell,  which 
sends  a  current  C  through  the  external  resistance  R.  Hence  the  P.D. 
taken  up  in  the  cell  itself  =  OA  -  OC  -  E  -  V.  Hence,  by  Ohm's 
law— 

E  =  CB  +  CR  =  C(B  4-  R) 
and  V  =  CR 

•    C  -  V  =       E 
"  R       B  +  R 

Hence  B  =  E  ~— R 

or  thus,  by  similarity  of  triangles — 

ND  :  DB  =  AO  :  OB 

V:R=  E:  B  +  R 

E  -  V 
or  B  =  •  — — ; — R  ohms 


Internal   Resistance  of  Thermo-electric 
Generator. 

Manifestly  from  the  foregoing  reasoning  we  have  — 


E  —  V          E  —  V 
Hence  B  =  —  —  —  R  =    '-         ohms 


Internal  Resistance  of  Batteries 
(Mance's  Method). 

Solution  of  Inferences.—  Let  the  currents  and  resistances  of  the 
arms  be  as  shown  in  Fig.  100.     Then,  by  KirchhofFs  laws,  we  have  — 

cl  =  c+c'3    ...........     (i) 


c.2  =  c  +  c4   ...........  (3) 

fi  =  C  +  c,  ........    ;  .  .     .  (4) 

E  =  w  +  w,  +  CR   .......  (5) 

o  =  <vY+  <v-2  -  CR    .         .    ,    .     .     .  (6) 

o  =  c,r3  +  c4rt-cr-.     .     ./  .....  (7) 


Then  from  (6)— 
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R 


and  C  =  (—  C>4  *  (C' —  (from  (2)  and  (4) ) 

K 

.VRC  -  (4,  -  C)r4  +  (f,  -  C)r, 

•  r  +  c  r         E  —  c  T  —  c  i" 
R  +  r,  +  r4  "          "~R~  =f 


Hence  C  = 


FIG.  loo. 
Now  the  condition  that  C  is  independent  of  c3  is  that  — 


But   if  C  be  independent    of   <rs,  it  must  also  be  independent  of  c, 
because  an    alteration  of  c  affects  c3  ; 


when  the  current  through  the  galvanometer  is  independent  of  r. 


Internal   Resistance  of  a  Battery. 
Condenser  Method. 


Referring  to  the  proof  of  formula  in  the  fall  of  potential  method, 

E. 


V          E  S 

we  see  at  once  that  7  =  -  -  -,  or  V  = 


S       13+0  S  +  B 

Hence,  if  */„  d.2  are  the  first  throws  on  the  galvanometer  when  the 
condenser  is  charged  by  the  E.M.F.  E  and  P.D.  V  respectively,  we 
have  — 


or  B  =  S 


a* 


ohms 
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Electrometer  Method. 

The  proof  of  the  formula  for  this  method  is  obtained  in  exactly  the 
same  manner  and  with  the  same  reasoning  as  has  just  been  set  forth 
for  the  condenser  method. 


Equal   Deflection   Shunt  Method. 

Solution  of  Inferences.— CASE  I. — If  the  battery  of  resistance  B 

is  shunted  by  a  shunt  S,  then  its  terminal  P.D.  will  be — .  E,  where 

S  +  B 

E  =  its   E.M.F. ;  and  the  current   flowing  through    G   will   thus   be 

•rTB'R  +  G*  d' 

When  no  shunt  is  used  and  the  box  resistance  =  Rlt  we  have  the 

galvanometer  current <x    d,  since    the    deflections   are 

RI  +  G  +  B 

equal. 

_E_        =      S  E 

Rt  +  G+B~S  +  B  R  +  G 

S(Rt  -  R) 
««*"  B  =  (R+G-S) 

But  S  will  be  small  compared  with  (R  +  G),  so  that  (R  +  G-S) 
sensibly  =  R  +  G. 

S(R!  -  R) 

""R  +  G 

CASE  II.— With  the  galvanometer  shunted  we  have — 

S  E 


The  deflection  d<x.  . 

b    +    O  bl_T 

R  +  B  +  — -7 


and  unshunted 


^  +  B  +  G 

S 


r  R  +  B  +  ^TG 

S(R,  -  R)  -  GR  _  SCR^R)  _  R 
Hence  B  =  -       — ^—  Q 
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Thus,  if  the  galvanometer  is  heavily  shunted,  R  will  be  small,  and 
may  even  be  =  o. 

.,  B  .  <£L  ohms 


Comparison  of  Electromotive   Forces. 
Equal   Resistance   Method. 

Solution  of  Inferences. — Let  Ax,  A2  =  the  currents  produced  by 
two  cells  of  E.M.F.'s  Et,  E2,  and  internal  resistances  b^  b.2  throw  an 
external  resistance  R  in  the  resistance  box  and  G  in  the  galvanometer. 
Then,  by  Ohm's  law,  we  have— 

A,=  E' 


R  +  bl  +  G 

and  A2  =  -  -  r~  ^  — 
R  +  bi  +  G 

where  the  galvanometer  is  assumed  to  be  used  unshunted. 
Et      A!     R  +  ^  +  G 

Hence  E2  =  A;  RTV^  •        •  (I) 

but  if  (R  +  G),  which  is  constant  all  along,  is  very  large  compared 
with  6lt  b.2,  then  R  4-  bl  +  G  will  be  very  nearly  =  R  +  bz  +  G, 

E!        At        dv 
and  .*.  —  =  ~  ——-,  very  approximately 

Jl«2          **•%          f*l 

Assumptions.  —  (a)  That  b^  and  b.2  are  so  small  compared  with. 
(R  4-  G)  as  to  be  negligible. 

(£)  That  the  currents  are  proportional  to  the  deflections,  which  is 
very  approximately  true  in  D'Arsonval  and  reflecting  galvanometers, 

tan  0j       sin  0^  ' 

but  in  "  tangent  "  or  "  sine  "  galvanometers  -  -  or  instead  of 

tan  82       sin  02' 


<l 

~7   as  the  case  may  be,  must  be  used. 

" 


The  disadvantages  of  the  method  are  that  the  "  law  "  of  the  gal- 
vanometer, i.e.  the  relation  between  current  and  deflection,  must  be 
known,  and  again,  that  the  E.M.F.'s  of  the  cells  might  vary  owing  to 
their  sending  a  current. 
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Equal   Deflection    Method. 

In  the  relation  (i)  above  we  have — 

A,  d 

A!  =  A2  <x  d,  or  —  =  i  =   7 

A2  d 

and  if  (bl  +  G)  and  (b.^  +  G)  are  very  small  compared  with  Rj  and  R2, 
they  can  be  neglected,  whence  we  have — 


E2      R2 

This  method  has  the  advantage  over  the  last  in  that,  since  the 
deflection  is  the  same  in  both  cases,  the  law  of  the  galvanometer  has 
not  to  be  known.  It  has  the  disadvantage  of  the  liability  of  alteration 
of  E.M.F.  through  the  cells  sending  a  current. 


Wiedemann's   Method. 

Let  A!  and  A2  be  the  currents  flowing  through  R  when  the  E.M.F.'s 
E,  and  E2  are  assisting  and  opposing  one  another  respectively.  Then, 
if  £„  £2,  and  G  are  the  resistances  of  the  batteries  and  galvanometer 
respectively,  we  have,  by  Ohm's  law  — 


A   • 


R  +  ^  +  b.,  +  G 
and  A2  =  ^— "£~Tj-~rfc 

A!        E!  +  E2       ^ 

Hence  -  =  -*---*=    l 

A2       E!  —  k..,      a.2 

Now,  by  adding  numerator  and  denominator  together  on  each  side, 
we  get  2El  =  dl  +  d±,  and  by  subtracting  them  we  get  2E2  =  dr  —  dy 

E!       d^  +  d^ 
Hence  —  --  — — 

The  method  has  the  advantages  that  all  resistance  is  eliminated, 
and  therefore  neither  R,  that  of  the  cells  or  galvanometer,  need  be 
known,  and  that  owing  to  R  being  necessarily  high  in  order  to  keep 
the  deflection  dl  on  the  scale,  the  current  given  by  the  cells  is  very 
small,  and  hence  the  polarization  also. 

It  has  the  disadvantage  that  the  current  flowing  through  the  cell 
of  weaker  E.M.F.  in  the  wrong  direction  is  liable  to  alter  its  E.M.F. 
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Wheatstone's   Method. 

Let  E1}  Eo  be  the  E.M.F.'s  of  the  two  cells  of  internal  resist- 
ances b^  and  £2,  and  let  R0,  r0  be  the  respective  resistances  through 
which  they  send  equal  currents  </0,  and  R,  r  be  the  respective 
resistances  through  which  they  send  equal  currents  d.  Then,  if  G  is 
the  galvanometer  resistance,  we  have,  by  Ohm's  law  — 


Whence,  if  (^  +  G)  and  (b.^  +  G)  are  small  compared  with  R,  R0  and 
r,  r0,  we  have  — 


Ro         >-o 
A   E'          E* 

and  -  =  - 


Lumsden's  Method. 

Referring  to  Fig.  47  (p.  95),  let  E,,  E2  be  the  E.M.F.'s  of  two  cells 
having  internal  resistances  b^  b.21  in  series  with  the  external  resistances 
R  and  r.  If  A  =  current  flowing  round  the  circuit  when  G  does  not 
deflect,  we  have,  by  Ohm's  law — 

E,  =  A(R  +  £,) 
and  E2  =  A(V  -f  £.,) 
m   E_t  =  R  +  bv 
E2       r  +  ^2 

And  if  ^,  ^2  are  very  small  compared  with  R  and  r,  they  can  be 
neglected,  and  we  have — 

EI  =  R 

E2~  r 
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Clark=Poggendorff  Method. 

Referring  to^Fig.  48  (p.  97),  let  Ex,  E2  be  the  E.M.F.'s  of  two 
cells,  and  rlt  rj  the  respective  resistances  across  which  they  are 
shunted  when  balance  is  obtained,  and  no  deflection  occurs  on  the 
galvanometer.  Then,  if  C  =  current  flowing  along  ABC,  we  have— 

The  E.M.F.  across  AB  =  —  J—  E  =  Et  for  the  first  cell 

r\    +   ?2 

where  E  -  the  working  E.M.F.  ;  also  — 

E.M.F.  across  AB  =   —  —  E  =  E2  for  the  second  cell 

r\    T  ^2 

/.  E    I  E    =  —  ^—  E  :  —  ^ 


2 

Assumptions.  —  (i)  That  the  working  E.M.F.  E,  and  therefore  the 
current  through  ABC,  remains  constant. 

(2)  That  rv  +  r.2  is  constant.  If  it  is  altered  in  any  one  pair  of 
readings,  then  the  first  relation  should  be  used. 

If  the  galvanometer  is  very  sensitive  and  of  high  resistance,  the 
method  can  be  made  accurate  to  of  a  volt. 


Condenser  or   Ballistic   Method. 

Let  Q1?  Q2  be  the  quantities  of  electricity  discharged  through  the 
condenser  of  capacity  C  when  charged  by  the  E.M.F.'s  Ej  and  E2 
respectively. 

Then  Qx  =  CEl 
and  Q2  =  CE2 
Hence  Q,  :  Q2  -  EL  :  E2 

But  the  respective  first  throws  d^  and  d.2  are  oc  Q:  and  Q2 ; 
.'.  E1  :  E2  =  dl  :  d.2  approximately 
More  accurately  El  :  E2  =  sin  i^0  :  sin  i020 
where  0,,  0.2  are  tne  angular  throws  of  the  galvanometer  in  degrees. 

If  the  galvanometer  of  resistance  G  is  shunted  by  a  shunt  S,  and 
gives  a  throw  </,, 

Then  Ex  :  E.2  =  — - —  .d^\d^  approximately 

O 

— —-   being  the  approximate  multiplying  power  of  the  shunt  (vide 
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It  is  assumed  that  there  is  no  leakage  from  the  condenser  between 
the  moment  of  cutting  off  the  E.M.F.  and  discharging  it  through  the 
galvanometer. 


Electrometer   Method. 

Let  Vlf  V2  be  the  potentials  of  the  two  pairs  of  quadrants  above 
that  of  the  earth  or  case  of  the  instrument,  and  let  V  =  potential  of 
the  needle  above  that  of  the  earth.  Then  it  can  be  shown  that  if 
d  =  the  scale-deflection  — 


or  if  V  is  large  compared  with  V1  and  V2,  we  have  — 

rfoccv,-  v2)v 

If,  then,  deflections  dlt  d.2  are  obtained  when  the  quadrants  are 
charged  by  E.M.F.'s  El  and  E2,  we  have  — 

rf,  oc  (  V,  -  V2)V  oc  EiV 
and  4  <x  (Vl  -  V2)V  oc  E2V 

Ej  _  ^ 

Hence  —  :  :  — 

E2      d2 

since  the  P.D.  (Vl  -  V2)  between  the  quadrants  must  be  the  same 
as  Ej  and  E2. 

It   is   assumed   that   the   potential  V  of  the   needle   is   constant 
throughout. 


Action   of  Shunts  on  Galvanometer 
Deflections. 

Solution  of  Inferences.— Let  A  =  current  in  the  main   circuit, 


FIG.  1 01 
Ag  and  Afi  =  current  through  shunt  and  galvanometer  respectively, 
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and  s  and  g  =  resistances  of  shunt  and  galvanometer  respectively 
Then,  if  V  =  P.D.  at  the  terminals  of  the  galvanometer  and  shunt 
we  have,  by  Ohm's  law  — 


V 

also  Af.  =  — 

A«       ^ 
Hence  —  =  - 

As      g 

or,  by  the  theory  of  proportion  — 

A,.  f 


and  A  =  As  +  AG 

AG    _  S 

'  A       s+g 

Now  the   deflections  dl  and  d  are   respectively  proportional  to  A 
and  A. 

dl  s 

Hence  —  =  ---  - 
d       s+g 

From  these  relations  we  have  — 


s  +^T 
where    -     —  is  called  the  multiplying  power  of  the  shunt. 

Again,  let  R4J  =  resistance  of  the  shunted  galvanometer  ;  then, 
since  A  =  A^  4-  Aff,  we  have  — 

v_-¥.    Y 

~ 


'R"  '••* 

*>~  s+g 
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Determination  of  the  Apparent  Increase 
of  Resistance  of  a  Ballistic  Galvano= 
meter  when  Shunted. 

Solution  of  Inferences.— Let  Q,,  Q2  be  the  quantities  of  elec- 
tricity which  pass  into  the  condenser  when  it  is  charged  with  P.D.'s 
V,  and  V2.  Then,  if  C  =  capacity  of  the  condenser— 

Qi  =  CV, 
Q2  =  CV2 

.  Qi  =  v, 
"Q2     v2 

But  Ox  a  deflection  dlt  and  Q2  <x  deflection  d.2  x  — - '  G  +  K,  where 
S  =  shunt   used   and   K  =  constant   (p.  113),  and  G  =  galvanometer 


resistance  ; 


Hence     l='  = 

Q2      V2 


S 

Also,  since   the    P.D.'s  V,  and  V2   are  directly  proportional  to   the 
resistances  r^  r.2)  we  have  finally — 


r2      S  +  G  +  K 

C  "2 

or  K  =  S  1    -~  —  i   )  —  G  ohms 


K  =  S  (  T^2  -  i  }  - 
V  d-fi         / 


Calibration  of  a  Ballistic  Galvanometer. 
Earth   Inductor  Method. 

Solution  of  Inferences. — Let  the  earth-coil  or  inductor  ab  be 
set  to  cut  the  horizontal  component  of  the  earth's  field  whose  lines 
of  force  run  from  N  to  S,  as  shown.  Then  the  number  of  lines  of  force 
enclosed  by  ab  in  its  zero  position  (i.e.  with  its  plane  perpendicular  to 
NS)  will  be  AF,  where  A  =  mean  area  of  coil  in  square  centimetres 
and  F  the  horizontal  component  in  C.G.S.  units  or  lines  per  square 
centimetre.  Now,,  on  turning  ab  about  its  vertical  axis  xy  through 
180°,  the  front  half  a  will  cut  FA  lines  in  one  direction,  and  the  back 
half  b  the  same  number  of  lines  FA  in  the  opposite  direction.  The 
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E.M.F.'s  induced  while  ab  is  in  motion  will  be  <x  NAF  units  in  the 
front  half  and  the  same  in  the  back,  and  since  the  directions  in  which 

these  act  coincide  round  the  ring,  the 
total  E.M.F.  is  °c  2NAF,  whence  the 
total  quantity  of  electricity  Q  in  the  tran 

sient  current  thus  generated  <x 


N 


c<  sin  ^0°,  where  6°  =  the  first  throw  of 
the  galvanometer  needle.  Hence  the 
quantity  of  electricity  per  division,  which 
we  call  the  "  galvanometer  constant  "  — 

2NAF 
io°R  sin 


"  R  sin    0° 


where  R  =  the  total  circuit  resistance 
in  ohms,  and  N  =  the  total  number  of 
turns  on  ab. 

This  value  of  K  neglects  damping 

in  the  galvanometer ;  hence,  if  A.  =  the  logarithmic  decrement  of  the 

galvanometer,  we  finally  have — 


K  = 


2NAF 


io9R  sin  i0i  + 


-—  C.G.S.  units  of  quantity  per  unit  deflection. 


Standard  Solenoid   Method. 

Solution  of  Inferences.—  It  has  already  been  sufficiently  shown 
in  the  introduction  to  the  test  that  the  throw  0  measures  a  quantity 

47TCTAN 
of  electricity  Q  =  -  10        ,  whence  accurately  the  quantity  per  unit 


deflection  K  =  —  1f) 


1f)7T^    . 
io10/R  sin 


.  , 
+  I 


C.G.S.  units. 


Standardization   of  Standard  Magneto= 
inductor  (Capacity  Method). 

Solution  of  Inferences. — Let  N  =  the  number  of  turns  on  the 
standard  inductor  tested,  and  F  =  the  total  number  of  lines  of  force 
crossing  the  gap.  Then  the  total  linkage  of  lines  of  force  =  NF,  and 
R  —  the  totaJ  resistance  of  the  inductor  circuit  in  ohms,  then  the 
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whole  quantity  of  electricity  C^  set  up  in  the  transient  current  pro- 

NF 
ducing  a  throw  dv  is  —  —  ; 

IX. 

,  NF 


r  i 


R 


Again,  if  C  =  the  capacity  in  microfarads,  and  V  =  the  P.D.  in 
volts  to  which  it  is  charged,  then  the  whole  quantity  of  electricity  Q,, 
in  the  discharge  giving  a  first  throw  dc  is  CV  micro-coulombs  ; 


dl      NF  NF 

Hence  -=-  +  CV=~ 


IO 


But  since  a  micro-coulomb  =  —  —  or  io~7  C  G.S.  units  of  quantity, 

and  an  ohm  =  io9  C.G.S.  units  of  resistance  ; 

io~7  x  io9RCV    d         looRCV    dl 

.'.  F  =  -•  -  •  -  l  =  -  -  •  7  C.G.S  lines 

N  dr.  N          dc 

For  maximum  accuracy  dl  should  =  dc. 


Measurement  of  Magnetic   Permeability 
(Magnetometer  Method). 

Solution  of  Inferences.— A  POSITION  OF  SPECIMEN. — It  has 
already  been  proved  on  p.  219  that  it  M  =  the  magnetic  moment 
of  the  specimen  — 


FIG.  103. 

(d*  -  /2)2 

Then  M  =  -   — - — ~HE  tan  0  =  K,  tan  0° 
2a 

(d^  —  /2)2 
where  Kj  is  =  -  HE* 

Now,  the  volume  of  the  specimen  V  =  2/j,  where  ^  =  the  sectional 
a    of    the    specimen ;    therefore    the    intensity    of  magnetization 


area 
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Also  the  magnetic  induction  at  the  centre  of  the  specimen,  namely, 
B  =  47rl  +  H  ; 

Hence  B  =  4*-  1  +  H 


—  h  H  C.G.S.  lines 

2( 

and  we  therefore  get  — 

the  magnetic  per-  \  _  B  _  4Tr(V/2-/2)2HE    tan  0 
meability  /i          f      H  \2<t  '  H 

B  POSITION  OF  SPECIMEN.  —  It  has  also  been 
proved  on  p.  220  that  for  the  "  B  Position  of 
Gauss,"  the  magnetic  moment  of  the  specimen 
M  =  (d?2  4-  /2)5HE  tan  6.  Hence  it  at  once  follows 
from  the  above  reasoning  that  — 


B  =  4*1  +  H 


tan  6 


V 


FIG.  104. 


B 
whence  M  =       = 


+  H  G.C.S.  lines 

tan  e 
H     +1 


C  POSITION  OF  SPECIMEN.— Let  d  and  D  be  the  distances  of  the 
two  poles  of  the  specimen  from  the  centre  of  the  magnetometer  needle 

as  shown,  and  let  the  upper  pole 

1  ,  .        of  the  specimen  and  the  needle 

ift""  ""*!        be  in  the  same  horizontal  plane. 

!        Also  let  the  force  F  of  the  speci- 
men on   the   needle   always   act 
*s   perpendicular  to  the  original  zero 
position  of  the  needle,  and  there 
fore  to  the  earth's  field.     Then, 
if  m'  is  the   strength   of  either 
FIG.  105.  of  the  poles  of  this  needle,  and 

m  that    of    either    pole  of   the 
specimen,   we   have,   from  the   "law   of  inverse   squares,"  that  the 

stress  exerted  between  N  and  j,  which  is  one  of  attraction,  =  -  - —  and 


I 


stress  exerted  between  S  and  j,  which  is  one  of  repulsion,  = 
and  these  act  in  opposite  directions. 

_      mm'      mm'  d       „•  . 

Hence  F  =       -  —  -   =  ri«  tan  9, 

d*         D2    D 

where  0  -  the  angle  of  deflection  =  the  angle  sos'. 


D2    '  D' 
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T)  O 

But  ;//  =   —  ,  and  assuming  m'  to  be  of  unit  strength,  we  have  — 


orB  =  g/i 

D 

where  j  =  sectional  area  of  specimen, 

B  4irHE  tan  0 

whence  ^  —  —  = 


H  being  the  actual  effective  magnetizing  force. 


Comparison   of   Capacities    Ballistically 
(Direct   Deflection  Method). 

Solution  of  Inferences.— 

Let  Qi,  O2  =  charges  or  quantities  of  electricity  stored  in  the  two 

condensers, 

d,  C2  —  the  capacities  of  the  two  condensers, 
Vj,  V2  =  the  potential  differences  to  which  they  are  charged. 

Then  Ox  =  V,^ 

and  g2  =  V,C2 

If  now  0J0  and  6.2°  are  the  angular  first  throws  in  degrees  on  the 
ballistic  galvanometer  produced  by  the  passage  of  Q1?  O2  through  its 
coils  either  on  charge  or  discharge,  and  if  A  =  logarithmic  decrement 
of  the  galvanometer  with  its  terminals  disconnected  from  the  circuit, 
and  O0  =  the  quantity  of  electricity  which  gives  unit  angular  deflection, 
we  have — 

Q,  =  Qosini^O  +  U) 

and  O2  =  Qo  sin  ^2°(i  +  IA) 

Q,       sin  10,  °"      V1C1 

Hence  ^  =-— f-L0  -  ~^ 

Q2      sin  |02°      V2C2 

If  0j°,  02°  are  small,  which  they  will  be  even  for  full-scale  throws, 
rf,,  </2  divisions,  on  the  usual  galvanometer  and  scale  (being  about 
6°  or  7°  only)— 

VlCl       ^ 
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when,  if  the  same  P.D.  is  used  to  charge  each  condenser,  V\  will  =  V2, 
and  we  have  finally — 

Cl '  C2  =  d±  I  d.2  approximately 

Assumptions. — (i)  That  the  whole  discharge  or  charge  through 
the  galvanometer  takes  place  before  the  needle  begins  to  move,  or,  in 
other  words,  that  the  whole  of  the  kinetic  energy  of  the  needle  after  the 
flow  has  occurred  is  employed  in  overcoming  the  magnetic  forces  due 
to  the  earth's  magnetism  and  induced  current  in  the  galvanometer 
coils  from  the  motion  of  the  needle. 

(2)  That  there  is  no  leakage  between  the  coatings  of  either  con- 
denser due  to  defective  insulation  in  the  condenser  or  circuit  which  would 
cause  one  or  other  or  both  of  the  throws  to  be  less  than  it  should  be. 

(3)  That  there  is  no  "  residual  absorption  "  in  the  condensers  due 
to  a  soaking  in  of  a  certain  fraction  of  the  charge  which  would  also 
make  the  deflections  smaller  than  they  ought  to  be. 

(4)  That  the  P.D.  is  quite  constant  throughout  the  pair  of  readings 
with  Q  and  C2. 

(5)  That  the  angular  throws  are  small  enough  to  make   .      ~-Q  =  ~' 

sin  -J(?2       **2 
the  ratio  of  the  two  scale-deflections  simply. 

The  above  therefore  constitute  the  sources  of  error  to  which  this 
method  is  liable,  and  a  more  accurate  relation  would  be — 

Q  I  C2  =  sin  £V  •  sin  2 V 

From  the  preceding  remarks  we  see  that  A,  the  damping  correction, 
does  not  enter  into  the  final  relation,  as  it  affects  dl  and  d%  in  the  same 
ratio  ;  also  that  for  maximum  accuracy  we  should  have  d^  =  dv  High 
insulation  of  the  battery  is  not  essential,  but  that  of  the  rest  of  the 
circuit  is. 

If,  instead  of  using  the  method  of  connecting  shown  on  p.  175, 
the  condensers  are  charged  or  discharged  by  a  simple  key,  then  special 
care  must  be  taken  to  get  rid  of  any  residual  charge  by  short-circuiting 
the  condenser  after  each  discharge  through  the  galvanometer.  The 
diagram  of  the  connections  suggested  by  the  author  will  be  found  to 
be  the  best  in  many  ways,  principally  in  getting  rid  of  or  nullifying  the 
effects  of  leakage  owing  to  the  discharge  being  effected  instantaneously 
after  breaking  the  battery  circuit. 


Comparison  of  Capacities 
(Wheatstone  Bridge  Method). 

Solution  of  Inferences. — Let  Vl  be  the  potential  of  the  point  E, 
and  V3  be  the  potential  of  the  point  H.  Then,  when  balance  is 
obtained,  no  deflection  of  the  galvanometer  G  results,  or  the  potential 
of  the  points  D  and  F  must  be  equal.  Let  its  value  at  either  be  V2. 
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Then  if  Qlt  Q2  =  the  quantities  of  electricity  flowing  into  the  con- 
densers of  capacities  C15  C2,  through  the  resistances  R1}  R2  respectively, 
and  since  Cl  and  C2  are  charged 
to  the  same  potential  V2  —  V3, 


/.    Q!  =  dCVg  -  V3) 
and  Q2  =  C2(V2  -  V8) 

or  &  =  ^ 
Q2      C2 

If  now  AJ,  A2  are  the  currents 
flowing  respectively  through  Rj 
and  R2  during  a  very  short  inter- 
val of  time  /,  we  shall  have  — 

Qi  -  Aj/ 

and  Q2  =  A2/ 

-- 


C, 


FIG.  106. 


but,  by  Ohm's  law,  the  currents  will  be  inversely  as  the  resistances,  or 
-~  =  ^.     Hence,  finally,  we  have  — 


C2       R, 

The  galvanometer  G  should  have  a  resistance  which  approximates 
to  the  sum  of  Rj  and  R2  for  maximum  sensitiveness. 


Absolute  Measurement  of  the  Capacity  of 
Condensers  (Ballistic  Method). 

Solution  of  Inferences. — Let  Q  =  quantity  of  electricity  required 
to  be  given  to  the   condenser  of  ^ 

capacity  F  in  order  to  raise  the     CM     /**  O          r         /T\VJ 


n 

potential  difference  between  its 
coatings  to  a  value  V.  Then,  as 
before,  we  have — 

Q  =  VF 

Again,  if  a  first  throw  0j°  is 
obtained  when  the  quantity  Q  is 
sent  through  the  ballistic  galvano- 
meter, whose  needle  has  a  periodic 
time  of  oscillation  T  seconds,  and 
a  logarithmic  decrement  A,  and, 
moreover,  if  a  steady  current  A 
produces  a  steady  deflection  6°  on  the  galvanometer,  then,  for  any 


'WWWVWVWWWVWW^ 

— I'I'I'Hi — 

B 

FIG.  107. 
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ballistic  galvanometer,  when  0j°  and  0.2°  are  small,  which  they  nearly 
always  are  in  ordinary  reflecting  instruments  (6°  to  7°  merely),  we 
have  — 


where   d^  d^  —  the   deflections  in   scale-divisions   corresponding    to 
0j°  and  02°. 

Hence  O  =  VF  =  -  -  -  •  '4(1  +  *A) 


IT        2 


=       ..  } 

2ir    V    # 


But  V  =  the  whole  P  D.  between  X  and  Z  used  in  charging  the 
condenser,  and  A  —  the  steady  current  through  the  galvanometer  due 

to  a  fraction  =  -        -  -V  of  this  total  potential. 
*\  +  >'* 


Hence  A  =      ^        -      by  Ohm's  law 

r+G    • 

RV  R 


V       (b  +  r  +  G)V      b  +  r  +  G 
where  R  stands  for  -      —  ,  and  b  -  the  equivalent  battery  resistance. 

' 


Hence  F  =       •  73.-^  '  fr1  +  W 

2ir   (7  +  r  4-  G    «2 

Assumptions.  —  (i)  That  the  total  E.M.F.  of  the  battery  has 
remained  constant  in  the  time  taken  in  obtaining  any  pair  of  readings 
d^  and  dt. 

(2)  That  the  needle  of  G  does  not  begin  to  move  until  the  whole 
discharge  is  completed,  and  hence  the  value  of  T  must  be  large  enough 
to  ensure  this. 

(3)  That  0,°  and  6.,°  are  really  sufficiently  small  enough  to  make 

0i°       d, 

~—  =  -1  very  nearly  true. 


Comparison  of  Capacities. 
Method  of  Mixtures. 

Solution  of  Inferences. — Let  Q15  Q2  be  the  quantities  of  electricity 
with  which  the  two  condensers,  of  capacities  Cl5  C2  respectively,  are 
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charged,  and  let  V1}  V.,,  V3  be  the  potentials  of  the  points  A,  D,  and 
H  respectively  when  P  is  turned  to  the  front,  so  as  to  send  a  steady 
current  through  the  combined  resistance  AH. 

Then  the  P.D.  between  A  and  D  =  Vj  -  Va 

and          „  „         D    „     H  -  V2  -  V3 

whence,  by  Ohm's  law,  ^-  =  ,7 — 

K2         V2  —    V3 


FIG.  108. 


But  if  G!,  C2  are  the  capacities  of  the  two  condensers,  we  have — 

Q,  -  C^V,  -  V2) 
and  Q2  -  C2(V2  -  V3) 
But  Q!  =  Q2  when  no  deflection  occurs  ; 
hence  C1(V1  -  V2)  -  C2(V2  -  V3) 

vx  -  v2     c2 


or 


V   -  V 


C, 


or 


C         R 

Wl  K2 

:  C2  =  Ro 
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Method  of  Divided  Charge. 

Solution  of  Inferences.— 

Let  C  =  capacity  of  the  cgndenser  to  be  tested, 
Cg  =        „          „         standard  known  condenser, 
V  =  the  P.D.  used  to  charge  the  standard  known  condenser. 

Then,  when  V  is  applied  to  C4,  a  quantity  Qx  of  electricity  flows 
into  the  condenser,  and  when  discharged  through  G  produces  a  first 
throw  dr 

Now,  when  Cs  is  again  charged  to  the  same  potential  V,  and  the 
unknown  capacity  C  put  in  parallel,  the  charge  Q!  in  C,  divides  in 
proportion  to  the  capacities  C  and  C^in  such  a  way  that  a  part  Q2 
remains  in  the  standard,  while  the  remainder  Q3  flows  into  the  unknown, 
Q2,  and  now  gives  a  first  throw  d.2  when  discharged  through  G.  We 
therefore  have — 

Qi  =  c.v 
Q3  =  cvt 
Q2  =  G.V, 

where  V1  =  common  potential  after  the  charges  divide. 

Hence  2:2  =  2? 
Q       C 

and  by  proportion  each  =  s 


But  neglecting  air-damping,  we  have — 

where  dl  and  d.2  are  the  first  throws  due  to  discharges  Q!  and  Q2  ; 


or  finally 


Capacities  in  Series  and  Parallel 
(Laws  of  Combinations). 

Solution    of   Inferences.  —  Suppose   there   are   any   number  of 
capacities  C,,  C2,  C3  .  .  .  all  in  parallel,  which  arrangement  is  shown 
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in  Fig.  109  (only  three  capacities  being  depicted  symbolically).  Then, 
since  the  capacity  of  a  condenser  is  proportional  to  the  area  of  either 
of  its  coatings,  it  follows  that  all  the  left-hand  coatings  are  + ,  and 
equivalent  to  one  large  coating  =  sum  of  the  respective  ones.  Similarly 
'for  the  right-hand  coatings.  Hence,  if  C  is  the  combined  or  effective 
capacity,  then — 

C  =  Q  4-  C2  +  C3  +  .  .  .  etc. 

Suppose  there  are  any  number  (say  three  again)  of  capacities 
C1?  C2,  C3  .  .  .  all  in  series,  as  shown  in  Fig.  1 10,  and  let  V\,  V2,  V3  be 
the  P.D.'s  between  the  respective  coatings  of  each  condenser. 

Then  P.D.  between  A  and  B  =  Vl  +  V2  +  V3  +  .  .  .  =  V,  say,  and 
the  quantity  of  electricity  on  each  coating  of  every  condenser  must  be 


Ci      C2 


,/./,/./, 

FIG.  in. 


the  same.  Then  Qx  =  Q2  =  Q3  =  etc.  -  Q,  say,  since  adjacent  coat- 
ings are  connected  metallically,  and  an  equal  and  opposite  charge 
resides  on  the  coating  of  every  condenser. 

But  Qi  =  CjVj,  and  Q2  =  C2V2,  and  Q3  =  C3V3 


Hence  V  =  2  =  \\  +  V2  4-  V3  4-  .  .  .  =  &  +  fi?  +  9§  +  . 
C  Cj        C2       C3 

.-.I  =  i+±+±  +  ...etc. 

If  four  capacities  were  arranged,  two  in  series  and  two  in  parallel, 
as  shown  in  Fig.  in,  then,  from  the  above,  we  clearly  get  the  com- 
bined capacity  C  =  — -— - —  4- 2— —  • 

Also  from  any  two  capacities,  C:  and  C2,  four  different  ones  are 

obtainable,  viz.  C1?  C2,  C,  4-  C2,  and  r-^— ! --> 

L,  4-  Co 
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Absolute  Measurement  of  Self=induction. 
Maxwell=Rayleigh    Method. 

Proof  of  Formula. — In  the  first  part  of  the  experiment,  when  the 
bridge  is  balanced  for  steady  currents  in  the  ordinary  way,  there  will 

c  u 

be  no  deflection  when  Q/  =  P .  -     ^~  where  Q,  /,  P,  S,  and  R  repre- 
ss +  K. 

sent  the  ohmic  resistances  of  the  various  parts  of  the  bridge  as  shown. 

In  the  second  part,  where 
nothing  has  been  altered 
except  the  order  of  manipu- 
lation of  the  keys  Kl  and 
K2,  the  impulse  or  throw  of 
the  galvanometer,  namely, 
<tf°,  will  be  proportional  to 
the  self-induction  L,  and 
will  represent  a  portion  of 
the  total  quantity  of  elec- 
tricity developed.  In  other 
words,  the  discharge  through 
G  will  be  that  due  to  the 
self- induced  E.M.F.  LC, 
acting  independently  of  the 
battery,  and  as  if  this  latter 
was  non-existent,  where  C, 
=  the  steady  current  in  cd 
after  balance  is  disturbed 
by  adding  p  to  the  arm  ad. 
Similarly,  in  the  third  part 
of  the  experiment,  the  steady  current  through  G,  giving  the  steady 
deflection  D°,  is  that  due  to  an  added  E.M.F.  pC2  acting  as  if  B  were 
non-existent,  where  C2  =  steady  current  in  arm  ft/ after  adding  p.  We 
therefore  have — 

JK=LCX 
A       PC2 


FIG.  112. 


whence  L  = 


K 


secohms 


where  K  =  discharge  through  the  ballistic  galvanometer  in  coulombs, 
causing  throw  ^°,  and  A  =  steady  current  through  the  ballistic  gal- 
vanometer in  amperes,  causing  the  steady  deflection  D°,  and  only  half 
the  throw  is  taken  for  reversal  01"  battery  current ;  but — 

rf°. 


=  -  .A 


sn  - 


tan  D° 


coulombs 
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where  T  =  periodic  time  of  vibration  of  the  needle  in  seconds,  and 
A  =  the  Napierian  logarithmic  decrement  of  the  galvanometer. 
Hence,  substituting,  we  have  finally — 


I.A. 


sin  -(i 


C.,    p     TT  tan  D°  C.,    p    T     d 

L  =  77 r '  ~  *  .  =  -"  •  -  •  —  *  -  (i  +  *XJ  secohms 

LJ    2  A  Lj     2    2ir    U 

Since  in  a  reflecting  galvanometer  <tf0  and  D°  are  necessarily  small, 
whence — 

d° 
sin  —         d 

tluTo"0  =  '"D  very  aPProximately 

r/  and  D  now  being  in  scale-divisions  instead  of  degrees. 
If  p  is  small,  then — 

~r  =  i  very  nearly 

VI 

and  /.  L  =  —•-•—(  i  +  JA)  secohms 

C. 
If  p  is  not  sufficiently  small,  then  the  value  of  -~  must   be   allowed 

P  +  _^ 

for,  and  can  be  taken  as  — 


_„ 

oK 


Secohmmeter  Method. 

Proof   of    Formula. — In  the   first  part   of   the   experiment  the 
bridge  will   be    "  balanced "   for    steady    currents     accurately    when 

SR 

Q/  =  P  . ,  and  there  will  be  no  deflection  on  G  ;  P,  Q,  R,  S,  and  / 

•  o  -\-  R 

being  the  ohmic  resistances  of  the  various  parts  of  the  bridge  as  shown. 
In  the  second  part,  when  the  secohmmeter  is  running  at  constant 
speed,  the  steady  deflection  d,  or  the  continuous  discharge  througli  G, 
as  it  may  be  termed,  is  the  result  of  a  rapid  succession  of  impulses 
due  to  and  proportional  to  the  self-induction  L.  In  other  words,  d  is 
due  to  the  self-induced  E.M.F.,  LC^t  acting  independently  of  the 
battery,  and  as  if  this  latter  was  non-existent  where  n  =  number  of 
reversals  per  second,  and  Cl  —  steady  current  in  arm.a/. 
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The  steady  deflection  D  produced  by  adding  p  to  the  arm  ad  is 
due  to  the  added  E.M.F.  pQ  acting  as  if  B  were  non-existent,  where 


K 


B- 


FIG.  113. 

C2  =  steady  current  in   arm  ad  after  adding  p  to  it  ;    we   therefore 
have — 

LC>  _  d 
pC2    ~D 

P     C2     d 
- 


/ d 

n    j£T    "  '  D  Sec°hms 
R+  S      P 


Maxwell =Rimington  Method. 


Proof  of  Formula. — 

Let  V,.  =  potential  of  the  point  b, 

V2  =         „  „        points  a  and  c, 

V3=         „:-•       „        point  d, 


Appendix. 

Cl  =  current  flowing  through  P,  and  therefore  through  /, 

C4  =  „  „  JN#,  „  „  K., 

C2  -  „  „  r, 


253 


C3  = 


the  condenser. 


Then  from  the  balance  for  steady  current,  we  have — 

/Q  =  RP 

/      RP 
or/=-Q- 

Also  VT  -  V2  =  C:P  =  C4(Q  -  r}  +  Czr 
=  QQ  -  Qr  +  C4r  -  C3r 
since  C2  =  C4  —  C3 
Hence  QP  =  C4Q  -  C3r 
and  therefore  C4Q  =  QP  +  C3r 


But  C,  =  C 


•  c  - 

•'   C3~ 


dt 


-1 


and 


=  Q(V'-Va) 


/.  C,  = 


t  -  V2 


Q 


, 
Hence  C4Q  =  CiP  +  O2--  — 

•p 

and  multiplying  all  through  by  —  ,  we  get  — 


. 


since  /  = 


RP 
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ButV2-V3  =  C4R  =  C/+L^1 

and  by  equating  the  coefficients  of  --'2,  we  have — 

L  =  O2-  secohms 
C  being  the  capacity  in  farads. 


Absolute   Measurement  of  Self=induction. 

Proof  of  Formula.— 

Let  the  current  flowing  in  the  arm  ae  =  C15 
„  „  „  be  -  G2, 

„  „  „  ce  =  C3. 

Then  the  current  flowing  in  the  arm  cd  will  =  C2  +  C3 


FIG.  115. 

Now,  when  balance  for  steady  currents  is  obtained,  as  in  Obs.  (2), 
we  have  P/  =  RQ  ;  and  also  PC3  =  QC2,  since  the  total  fall  of  potential 
down  P  must  equal  that  down  Q  for  the  balance.  For  similar  reasons— 


Now,  the  P.D.  across  the  condenser  terminals,  i.e.  between  </and  <?, 
is  =  C3P  +  (C2  +  C3)S  =  C2S  +  (P  +  S)C3,  and  the  quantity  in  the 
condenser  =  C{C2S  +  (P  +  S)C3}  ;  also  the  current  through  the  con- 


denser  =  C 


S; 


^7  }  =  €:,-€,; 


Appendix.  255 


Hence  QR  =  C/  +  I/J  =  f  C,  +  RC  (  Q  +  f  +  s 
But  /  =  -p*,  and  equating  the  coefficients  of  -~,  we  have— 


/.  L  =  C(RQ  +  S/  +  RS)  secohms 
where   C  =  capacity  in  farads,  and  R,  Q,  S,  and  /  =  resistances  in 
ohms. 


Absolute  Measurement  of  Mutual  Induction 
(Carey = Foster   Method). 

Proof  of  Formula. — Suppose  a  spring  tapping-key,  Ke,  to  be 
inserted  in  the  condenser  arm,  ac,  of  the  figure,  and  one,  Kg,  in  the 
secondary  circuit,  say  at  d. 


If  C  =  the  capacity  of  the  condenser  in  farads, 
G  =    „    galvanometer  resistance  in  ohms, 
P  =    „    primary 

Q  =    „    secondary  „  „ 

M  =  mutual  induction  of  primary  and  secondary  required, 
R  and  S  =  two  resistances, 

then,  with  Kc  open  and  K«  closed,  on  "  making  "  or  "  breaking  "  the 
battery  key  K,  the  steady  current  Cx  in  the  primary  will  produce  a  flow 

of  current  in  the  secondary,  the  total  quantity  of  which  =  — ~ — -» 

y  T  G  *T"  s 

corresponding  to  a  throw  of  //a  scale-divisions  on  G. 
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If  now  Kc  be  closed  and  Ks  opened,  and  R  as  before,  then,  on 
making  and  breaking  the  battery  circuit  with  K,  the  quantity  of 
electricity  in  the  transient  current  passing  through  G  =  CRC^  corre- 
sponding to  a  throw  d2  scale-divisions  on  G. 

Hence  r—  -   :  CRC:  =  d±  \  d» 

(^  +  tjr  +  b 

/.  M  =  CR  (Q  +  G  +  S) .  ~ 

«2 

But  if,  as  in  the  test,  these  quantities  of  electricity  neutralize  one 
another,  there  will  be  no  current  through  G,  and  therefore  no  deflection, 
whence  dv  —  d^  =  o  and  G  disappears,  and  we  get — 

M  =  CR(Q  -h  S)  secohms 


Absolute  Measurement  of  Mutual  Induction 
(by  Standard  Magneto=inductor). 

Proof  of  Formula.  —  If  M  =  coefficient  of  mutual  induction 
required,  A  =  current  reversed  in  the  primary,  RXR2  =  total  secondary 
circuit  resistance  for  the  throws  d^  dz  respectively,  then,  when  the 
primary  current  is  reversed,  the  whole  quantity  of  electricity  set  up  in 

the  transient  current  =  -—  —  ,  which  is  oc  d^  the  throw  resulting. 

N* 

Similarly,  on  slipping  the  inductor,  the  whole  quantity  =  "IT-  ,  which 

R2 

is  oc  </2,  where  dz  =  throw  resulting,  N  =  number  of  lines  of  force, 
«  =  number  of  turns  on  the  inductor. 
Hence  we  have  — 

2AM      N» 


^        !       , 
or  M  -  —T-^r'j 

2A     R2     d2 

But  if  R!  =  R2,  and  we  call  K  the  constant  of  the  inductor, 

/.  K  =  N» 
and  /.  M  =  - 
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The  Secohmmeter. 

THE  instrument  or  appliance  known  as  the  secohmmeter  was  devised 
by  Profs.  Ayrton  and  Perry,  and,  in  conjunction  with  an  ordinary 
Wheatstone  bridge  arrangement,  is  a  contrivance  for  interchanging 
alternately  the  connections  from  the  battery  and  galvanometer  re- 
spectively to  their  usual  points  of  junction  on  the  bridge.  The  throws 
due  to  self-induction  are  thus  commutated  into  a  steady  unidirectional 
deflection.  The  secohmmeter,  as  constructed  up  to  quite  recently,  is 
shown  in  Fig.  117.  It  consists  of  two  rotatory  two-part  commutators 


FIG.  117. 

fixed  to  and  rotated  by  a  horizontal  spindle,  which  is  prolonged  at  one 
end  beyond  one  of  the  commutators  for  the  purpose  of  coupling  it  to  a 
speed  indicator  if  necessary.  This  spindle  also  carries  two  small 
toothed  pinions,  which  gear  into  and  are  driven  respectively  by  two 
toothed  wheels  carried  by  a  second  parallel  and  horizontal  spindle 
capable  of  being  rotated  by  a  handle.  A  flywheel  carried  by  a  third 
spindle  is  driven  by  means  of  another  pinion  gearing  into  the  larger 
of  the  toothed  wheels.  The  speed  ratios  between  handle  and  com- 
mutator spindles  are  i  :  2  and  i  :  6,  and  to  alter  from  one  to  the  other, 

S  2 
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press  down  the  end  of  the  locking  lever  (not  seen  in  figure)  on  the  right, 
and  give  the  handle  spindle  an  axial  motion  to  the  front  or  back, 
turning  it  slightly  to  assist  the  toothed  wheels  engaging  properly  ; 
then  release  the  locking  lever.  Four  stationary  brushes  press  against 
each  commutator,  the  two  pairs  of  opposite  brushes  on  one  commu- 
tator going  to  the  two  pairs  of  terminals  one  end  of  the  secohm- 
meter,  and  similarly  for  the  remaining  part.  Only  one  set  of  ter- 
minals (on  the  left)  and  the  front  commutator  can  properly  be  seen  in 
Fig.  117. 

One  commutator  (GC)  is  for  periodically  interchanging  the  points 
to  which  the  galvanometer  terminals  are  attached,  the  other  (BC)  for 
doing  the  same  with  the  battery.  By  means  of  a  set  screw,  the  relative 
positions  of  GC  and  BC  can  be  varied  so  that  both  sets  of  inter- 
changes can  be  made  to  occur  simultaneously,  or  one  a  little  before 
or  after  the  other,  or  one  midway  between  two  successive  interchanges 
of  the  other.  From  the  preceding  speed  ratios,  it  is  seen  that  one 
revolution  of  the  handle  can  be  made  to  give  either  eight  or  twenty- 
four  interchanges  of  galvanometer  and  battery. 

Dehydrated  paraffin  oil  may  be  used  to  lubricate  the  spindles  and 
commutators  where  pressed  by  the  brushes,  but  in  the  latter  case  a 
mere  drop  will  suffice. 

The  latest  method  of  construction  of  the  secohmmeter  is  shown  in 
Fig.  1 1 8.  As  seen,  the  commutators  and  brush-holders  are  outside  a 


FIG.  118. 

brass  case  at  opposite  ends  of  the  same  spindle,  which  is  prolonged  for 
driving  a  speed  indicator.  The  plate  carrying  one  set  of  brushes  is 
arranged  so  that  it  can  be  routed  through  an  angle  up  to  90°,  and 
the  "  lead  "  thus  far  more  easily  varied  than  in  the  previous  manner. 
Two  separate  spindles  are  provided  for  altering  the  speed  ratio, 
and  the  handle  can  drive  either  of  them  at  pleasure.  Only  one 
commutator  and  set  of  brushes  are  shown,  the  other  being  at  the 
back. 

The  secohmmeter  may  preferably  be  driven  by  an  electro-motor 
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direct-coupled  to  the  commutator  spindle.  Fig.  119  shows  a  con- 
venient arrangement.  On  the  left  is  the  secohmmeter  with  cover  and 
one  side  removed,  with  the  handle  for  hand  driving  when  required. 
In  the  centre  is  an  electro-motor  of  the  Cuttriss  type,  and  on  the  right 
is  a  Young's  speed-indicator.  The  spindles  of  all  three  are  in  align- 
ment, and  are  coupled  by  spiral  springs.  In  the  secohmmeter  shown 
the  author  has  devised  a  different  arrangement  of  brushes  to  those 
shown  in  Fig.  119,  consisting  of  metal  plungers  or  pistons  so  fitted 
that  their  rounded  ends  are  pressed  against  the  rotating  commutators 
by  light  spiral  springs.  The  connections  to  the  terminals  are  soldered 


FIG.  119. 

to  the  ends  of  the  four  plungers  of  each  commutator.  This  arrange- 
ment has  been  found  much  more  satisfactory  than  the  old  one  in  the 
matter  of  obtaining  a  reliable  rubbing  contact  with  minimum  wear  of 
commutator  and  brushes.  If  the  time  of  one  revolution  of  the  commu- 
tators is  small  compared  with  the  period  of  the  galvanometer  needle, 
the  steady  deflection  thus  produced  is  that  which  would  be  given  by  a 
current  Q;/,  where  n  =  number  of  reversals  per  second  of  the  battery, 
and  Q  the  quantity  of  electricity  set  up  at  each.  From  this  we  see  that 
the  sensibility  increases  with  the  speed.  The  latter  must  not,  however, 
be  too  great  for  the  currents  to  reach  their  final  steady  values  between 
two  consecutive  battery  reversals.  The  action  of  the  secohmmeter 
will  perhaps  be  more  fully  understood  by  reference  to  Fig.  1 20.  The 
commutators  BC  and  GC  of  course  rotate  isochronously,  and  are 
shown  as  set  with  a  "  lead  "  given  by  the  angle  O,  and  represented  by 
the  distance  between  GC  and  BC  on  the  bottom  figure.  If  the  angular 
advance  of  GC  over  BC  =  15°,  we  have  a  "  lead"  of  •£&  =  ^4,  which 
means  that  BC  makes  J±  of  a  reyolution  before  the  battery  circuit  is 
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closed,  after  the  galvanometer  is  closed.  Letting  BC  and  BB  stand 
for  battery  closed  and  broken  respectively,  and  GC,  GB  for  galvano- 
meter closed  and  broken,  then  in  the  following  diagram,  starting  at 


RevoV 


BB  ^_/  ^  ^Y*50  BC 

G!CBC~*       "    GBBB 

Time 

90" 

FIG.  120. 


180 


6OO 


1OOO     15OO      2OOO 

Jfcevs  per  min. 


25OO 


GC,  we  see  the  current  induced  through  galvanometer  rises  from  o  at 
BC  to  a  maximum,  and  falls  to  o  again  at  BB,  GB  taking  place  ^j-  of 
a  revolution  earlier.  GC  is  next  made,  and  the  current  starts  again  in 

the  opposite  direction  at  BC, 

10  ^AJ  f?>^  and  so  on-     Thus  here  only 

the  "  make "  impulses  go 
through  G,  and  since  GB 
happens  always  just  before 
BB,  and  GC  after  BB  and 
just  before  BC,  these  im- 
pulses are  all  unidirectional 
through  G,  though  B  is  being 
periodically  reversed.  Hence 
the  areas  of  all  the  curves 
are  equal  to  one  another,  and 
represent  the  quantity  Q  of 
electricity  set  up  at  each 
reversal. 

In  the  "zero"  method  of 
measuring  a  coefficient  of 
self-induction  (p.  201),  the 
effect  of  an  alteration  of 
"  lead  "  is  well  illustrated  in 
Fig.  121.  The  top  figure  refers  to  a  test  on  a  solenoid  alone,  the 
lower  one  to  that  of  the  same  solenoid  with  its  iron  core.  The  ordi- 
nates  of  the  curves  represent  the  added  resistance  necessary  to 
preserve  balance  on  driving  the  secohmmeter  at  the  speeds  given  by 


'OO  2OO  3OO  4OO    5OO    €OO 

Revs,  per  min, 
FIG.  121. 
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the  abscissse.  It  is  noticeable  that  with  a  given  coil  the  smaller  the 
"  lead "  and  greater  the  speed  the  larger  (p)  the  added  resistance 
becomes  and  the  more  sensitive  the  test  up  to  a  certain  limit  of 
speed. 


Standards  of  Self  and  Mutual  Induction. 

These  are  constructed  in  two  forms,  viz.  fixed  standards,  having 
only  one  value  of  induction  which  is  invariable,  and  variable 
standards,  the  coefficient  of  induction  of  which  is  alterable  from  o 
to  some  definite  maximum  by  almost  any  desired  amount.  The  latter 
kind  are  undoubtedly  of  greater  utility  for  experimental  work.  Profs. 
Ayrton  and  Perry  devised  the  variable  standard  of  self-induction  seen 
in  Fig.  122.  It  consists  of  a  fairly  large  flat  coil  of  insulated  copper 


FIG.  122. 


wire  wound  in  two  rather  narrow  channels  and  fixed  with  its  plane 
vertical  in  the  framework  shown,  which  carries  a  fixed  scale  at  the  top. 
A  second  similar  coil  is  capable  of  rotating  about  a  vertical  axis  inside 
the  fixed  coil,  and  close  to  it.  The  plane  of  this  moving  coil  is  also 
vertical,  and  its  upper  spindle  carries  a  pointer  which  moves  over  the 
scale  graduated,  say,  in  degrees  one  side  and  secohms  on  the  other  for 
a  semicircle  ;  the  fixed  and  movable  coils  are  in  series,  and  joined  to 
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the  two  terminals  shown.  Thus  it  can  be  seen  that  all  values  of  self- 
induction  can  be  obtained  from  o,  when  the  coils  are  in  the  same 
plane  and  the  current  flows  round  them  in  opposite  directions,  to  the 
maximum,  180°  further  round.  It  is  more  convenient  to  attach  each 
coil  to  its  own  pair  of  terminals,  and  connect  those  in  series  or  parallel 
by  a  temporary  wire  as  required.  The  instrument  can  then  be  used  as 
a  variable  standard  of  mutual  induction  as  well  as  of  self-induction. 
The  above  instrument  is  also  improved  by  the  addition  of  a  circular 
plane  mirror  to  the  scale  interior,  to  avoid  errors  due  to  parallax  in 
reading  the  indications  of  the  pointer. 

The  calibration  curves,  for  self  and  mutual  induction,  of  an  Ayrton 
and  Perry  standard  arranged  in  the  manner  just  mentioned  are  shown 
in  Fig.  123,  the  maximum  values  of  self  and  mutual  inductions  attain- 
able being  0770  and  0-155  secohm  respectively.  The  reason  \\hythe 
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FIG.  123. 

self-induction  curve  does  not  pass  through  the  origin  is  because  the 
number  of  turns  of  wire  on  the  outer  fixed  coil  is  considerably  greater 
than  on  the  inner  movable  one  ;  thus,  after  partial  neutralization 
there  is  a  balance  of  self-induction  due  to  the  fixed  coil.  Another  form 
of  variable  standard  of  self-induction  is  made  by  Messrs.  Nalder  Bros, 
and  Co.,  a  general  view  of  which  is  seen  in  Fig.  124  and  a  diagram- 
matic one  in  Fig.  125,  which  shows  only  the  bottom  disc  or  base  of 
the  instrument.  The  base  or  bottom  disc  of  ebonite  contains  the 
terminal,  T,  a  scale,  S,  and  two  flat  coils,  r,  of  fine  insulated  wire. 
The  upper  disc  of  ebonite  also  carries  a  terminal  and  two  similar  coils 
to  the  lower  ones,  and  is  capable  of  turning  round  the  central  pin. 
The  four  coils  are  in  series  and  connected  to  the  two  terminals,  and 
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when  the  top  disc  is  turned,  the  top  pair  of  coils  rotate  in  a  hori- 
zontal azimuth  over  and  very  close  to  the  lower  pair.  When  the 
pointer  or  index  on  the  top  disc  points  to  its  lowest  scale  reading 
(about  4  milli-henrys),  the  top  coils  are  opposing  the  bottom  ones. 


FIG.  124. 


FIG.  125. 


On  turning  through  180°  the  two  pairs  assist  one  another,  and  the 
self-induction  is  a  maximum.  Intermediate  positions  of  the  coils  give 
intermediate  values  of  L,  the  self-induction. 

Fig.  126  shows  a  rather  convenient  form  of  experimental  test  coil 
or  practising  the  measurement  of  self-induction  on.      It  consists  of 


FIG.  126. 

one  thousand  turns  of  insulated  copper  wire  wound  on  a  thin  tube  of 
insulating  material  with  mahogany  ends.  The  coil  is  connected  to 
the  two  terminals,  and  is  provided  with  a  soft-iron  core,  shown  by  its 
side,  which  can  be  inserted  in  the  coil  to  increase  its  self-induction. 
Four  exactly  similar  coils  to  this  form  a  very  useful  arrangement  to 
experiment  upon. 


Galvanometers. 

Of  these  there  are  two  main  classes,  viz.  those  with  moving  coils 
and  those  with  moving  magnetic  needles.     In  each  class  there  are 
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numerous  instances  in  which  both  light  aluminium  pointers  and  mirrors 
attached  to  the  moving  part  are  used  for  the  purpose  of  indicating 
deflections.  In  the  latter  case,  small  concave  mirrors  are  most 
generally  used,  having  a  focal  length  of  about  36  to  40  inches.  If, 
then,  a  parallel  beam  of  light  from  a  double  convex  lens  (having  a 
4-inch  focal  length,  say),  and  due  to  a  luminous  source  in  the  focus, 
strikes  the  mirror,  an  image  of  a  slit  or  wire  just  in  front  of  the  lens 
will  be  formed  by  the  mirror  on  a  scale  placed  some  36  inches  away. 

By  this  mirror  contrivance  very  small  deflections  can  easily  be 
observed  without  the  aid  of  a  very  long  pointer,  which,  however  light, 
would  increase  the  moment  of  inertia  of  the  moving  system  and  render 
it  sluggish.  It  will  be  obvious  that  a  spot  of  light  brought  to  a  focus 
on  a  scale  say  36  inches  from  the  moving  mirror,  is  equivalent  to 
using  a  pointer  36  inches  long  fixed  to  the  moving  system  and  moving 
over  a  scale  of  that  radius.  Hence  the  enormous  gain  in  sensitiveness 
of  mirror  instruments  over  those  with  pointers.  It  should  also  be 
remembered  that  in  reducing  scale  deflections  to  degrees,  or  vice 
versa,  in  reflecting  instruments,  the  angular  motion  of  the  reflected  ray 
is  twice  the  angular  motion  of  the  mirror.  This  latter,  in  ordinary 
reflecting  instruments,  does  not  exceed  about  6°  or  8°. 

To  make  this  clearer,  take  the  following  numerical  example. 
Suppose  a  deflection  d  of,  say,  i  millimetre  (which  can  very  easily 
be  detected)  is  obtained,  with  the  spot  of  light  on  a  scale  placed  at  a 
distance  L  of  i  metre  away  from  the  mirror  of  the  galvanometer, 
which  is  a  very  usual  distance  in  practice.  Then,  since  i  mm.  =  OT  cm. 
and  i  metre  =  100  cms.,  the  angular  motion  0°  of  the  mirror  with  its 

attached  needle  =  {  ,|.  ~  =  \.  ~  .  ^  =  0-0287°,    where 

tan  20  =  r- ;  and,  since  reflecting  galvanometer  scales  are  usually  not 

more  than  about  60  cms.  long  from  end  to  end,  the  angular  motion,  $°, 
of  the  above  mirror  for  a  deflection  of  the  spot  of  light  from  the  centre 
to  one  end  (30  cms.)  of  the  scale  =  0*0287  x  300  =  8'61°.  For  small 

values  of  0°,  we  have  tan  0  —  —  very  nearly,  which  is  what  we  have 

used  above. 

By  suitably  curving  the  scale,  we  can  make  tan  0  almost  exactly 
proportional  to  d,  the  error  introduced  by  assuming  this  being  a  very 
small  fraction  of  i  per  cent. 

With  regard  to  the  method  of  supporting  moving  coils  and  needles, 
the  usual  fine  fibre  of  cocoon  silk,  or,  better  still,  the  quartz  fibre, 
introduces  far  less  friction  or  torsional  resistance  than  a  pivot  and  the 
best  jewel,  and  is  much  cheaper  than  the  latter.  One  disadvantage 
does,  however,  apply  to  fibre  suspensions,  namely,  that  levelling  screws 
must  always  be  provided  to  enable  the  moving  system  to  be  centred 
accurately,  whereas  with  pivots  this  is  not  required. 

The  sensitiveness  of  galvanometers  varies  vastly  according  to  the 
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particular  type  of  instrument.  Where  the  only  resistance  is  in  the 
wire  of  the  coils,  which  is  almost  always  copper,  we  may  infer  that  a 
high-resistance  galvanometer  is  also  one  of  high  sensitiveness,  or 
"  figure  of  merit,"  as  it  is  often  called.  Thus,  probably  the  most 
sensitive  galvanometer  yet  made  is  that  of  the  Thomson  type  wound 
to  360,000  ohms,  owing  to  there  being  such  an  enormous  number 
of  turns  of  such  fine  insulated  wire,  arranged  in  such  a  way  as  to 
get  a  maximum  of  turns  as  close  to  the  needles  as  practicable.  The 
D'Arsonval,  or  moving  coil  galvanometer,  as  made  at  the  present  day, 
has  a  high  figure  of  merit,  and  can  be  wound  to  a  considerable  re- 
sistance. For  all  but  very  high  resistance  work,  it  is  one  of  the  best 
and  most  convenient  galvanometers  to  use. 


Tangent  Galvanometer. 

A  most  convenient  and  useful  form  of  galvanometer  that  can  be 
employed  for  a  number  of  different  tests  is  that  known  as  the  post- 
office  tangent  galvanometer,  of  which  Fig.  127  shows  a  very  slightly 
modified  type  to  that  in  general 
use  in  the  postal  system.  A 
diagrammatic  sketch  of  the 
instrument  is  shown  in  Fig. 
128. 

It  consists  of  a  circular  flat 
brass  bobbin,   in  the   narrow 
channel  of  which  are   wound 
three  distinct  coils  of  insulated 
copper  wire,  each  represented 
in   Fig.   128  by   only   one,   or 
nearly  one,  complete  turn  for 
clearness.     The   coil  between 
terminals  a  and  b  consists  of  3 
turns  only  of  thick  wire  ;  that 
between  b  and  c  of  12  of  the 
same  wire  wound  in  the  oppo- 
site sense.     Hence  only  12  —  3 
or  9  effective  turns  would  act 
on  the  needle  if  a  current  is 
sent  between  a  and  c.     Conse- 
quently this   arrangement    by  pJG 
itself  constitutes  a  low-resist- 
ance galvanometer  having  three  distinct  sensibilities  (3,  9,  and   12 
turns),  according  to  whether  we  use  terminals  a  and  b,  or  a  and  c,  or 
b  and  c  respectively.     The  third  coil  between  brass  block  2  and  ter- 
minal To  consists  of  a  great  many  turns  of  fine  silk-covered  copper 
wire  having  a  resistance  of  exactly  320  ohms. 
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The  resistance  r  consists  of  a  coil  of  wire  of  exactly  750  ohms 
placed  under  the  base  of  the  galvanometer  ;  a  \  shunt  having  a  re- 
sistance of  aijp,  or  35 -5  5  ohms,  is  connected  between.  Block  3  and  T2, 
and  the  two  terminals  T15  T2  can  be  short-circuited  by  releasing  a 

springing  lever,  K.  Six  different  sen- 
sibilities are  now  possible.  Galvano- 
meter coil  only  between  Tl  and  T2  (i.e. 
left  plug  in,  right  out).  Galvanometer 
coil  shunted  (i.e.  both  plugs  in)  ;  each 
of  these  arrangements  with  and  with- 
out the  resistance  r.  We  are  thus  able 
now  to  get  a  high-resistance  galvano- 
meter, the  highest  resistance  between 
T!  and  T2  being  750  +  320  =  1070 
ohms,  with  the  left-hand  plug  out  and 
the  right  in.  The  action  of  K  is  to 
bring  the  deflected  needle  to  rest 
quickly  by  short-circuiting  TT  and  T2. 
IG<  I2  '  The  galvanometer  needle  «,  to  which 

is  attached  a  long  light  pointer,  is  pivoted  in  a  scale-box  at  the  centre 
of  the  coil.  One  half  of  the  circular  scale  is  degree- divided,  and  the 
other  is  usually  graduated  in  numbers  proportional,  but  not  equal,  to 
the  tangents  of  those  degrees,  and  is  commonly  called  the  "  tangent 
scale." 

When  possible,  it  is  desirable  to  obtain  deflections  on  a  tangent 
galvanometer  in  the  vicinity  of  45°,  as  the  sensitiveness  of  this  type 
of  galvanometer  is  then  at  its  maximum,  owing  to  a  given  variation 
in  the  current  producing  greater  effect  in  that  region  of  the  scale 
than  in  any  other.  The  clamp  (seen  underneath  the  scale-box  in 
front)  is  for  raising  the  needle  and  pointer  off  the  pivot  when  the 
galvanometer  is  moved  about.  The  ^  shunt,  when  across  the  gal- 
vanometer coil,  reduces  the  resistance  between  block  2  and  T2  from 

320  to  — — .  ,  i.e.  to  31*3  ohms  approximately,  and  allows  one- 
tenth  of  the  main  current  to  flow  through  the  galvanometer  coil,  and 
nine-tenths  through  the  shunt.  In  other  words,  the  total  current  will 
be  ten  times  that  indicated  by  the  deflection  of  the  needle.  It  may 
perhaps  be  superfluous  to  remark  here  that  the  tangents  of  the  angles 
of  deflection  are  directly  proportional,  though  not  equal,  to  the  currents 
producing  them  respectively.  To  obtain  a  relation  of  equality,  the 
former  must  be  multiplied  by  a  "  constant  "  K  for  that  particular 
arrangement  of  coils  in  use,  and  we  thus  get  current  —  K  tan  0°,  where 
0°  =  the  angular  deflection  of  the  needle  or  pointer. 

It  is  often  the  case  that  students,  at  least  many  of  those  com- 
mencing the  subject,  jump  to  the  conclusion  that  any  galvanometer 
they  may  see  must  be  a  tangent  one.  If,  however,  he  will  only  study 
the  two  following  conditions,  which  must  hold  in  any  galvanometer  for 
it  to  be  a  tangent  one,  he  will  not  go  wrong  afterwards  in  his  surmises; 
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(1)  the  controlling  force  must  be  constant  in  magnitude  and  direction  ; 

(2)  the  deflecting  force  must  always  act  in  the  same  direction  and  at 
right  angles  to  the  controlling  force.     Whenever  these  two  conditions 
hold,  the  current  will  be  proportional  to  tan  6°. 


Helmholtz  Tangent  Galvanometer. 

Fig.  129  represents  a  good  form  of  standard  tangent  galvano- 
meter, known  as  the  Helmholtz  pattern.  It  consists  of  two  exactly 
similar  ring-shaped  coils,  one  on  either  side  of  the  magnetic  needle. 
The  coils,  which  are  of  large 
diameter,  are  placed  symmetri- 
cally with  respect  to  the  needle, 
in  such  a  position  that  the  dis- 
tance of  the  centre  of  each 
from  that  of  the  needle,  along 
their  common  axis,  passing 
through  the  centre  of  the 
needle,  is  half  the  radius  of 
either  coil.  The  turns  of  wire 
composing  each  coil  are  so 
wound  that  they  each  form 
part  of  a  coil  which,  if  con- 
tinued, would  have  its  apex  at 
the  centre  of  the  needle.  Thus 
the  solid  angle  subtended  by 
each  coil  at  the  centre  of  the 
needle  is  the  same,  which  prac- 
tically eliminates  the  error  due  FlG>  I29' 
to  the  needle  not  being  extremely  short  compared  with  the  coil 
diameter  ;  and  also,  owing  to  the  coils  not  being  very  broad,  the  mean 
distance  of  each  turn  from  the  needle's  centre  is  practically  the  same. 
The  elementary  theory  of  the  tangent  galvanometer  will  be  found  on 
p.  115. 

The  short  magnetic  needle  has  a  light  aluminium  pointer  fixed  to 
it,  and  is  suspended  by  a  fine  silk  fibre  from  the  top  of  a  tube  carried 
by  the  scale  box.  In  some  cases,  however,  a  small  agate  centre  is  let 
into  the  centre  of  the  needle,  which  is  then  pivoted  inside  the  scale  box 
on  a  fine-pointed  pivot.  In  almost  all  cases  a  clamp,  actuated  by  a 
milled-headed  nut  under  the  scale  box,  can  be  raised  so  as  to  lift  the 
needle  and  pointer  when  the  galvanometer  is  carried  about,  thus 
avoiding  damage  to  the  pivot.  As  seen,  the  base  rests  on  three 
levelling  screws,  and  carries  two  pairs  of  terminals,  one  pair  to  each 
coil,  which  must  be  so  connerted  that  the  current  flows  round  both 
coils  in  the  same  direction.  The  two  large  terminals  seen  are  joined 
to  the  two  thick  copper  turns,  wound  one  on  each  ring  and  joined  in 
series.  These  are  intended  for  heavy  currents  when  necessary. 
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An  alterable  form  of  tangent  galvanometer  is  shown  in  Fig.  130,  and 
is  suitable  for  determining  the  effect  of  a  current  flowing  in  a  circular 
coil  of  a  variable  number  of  turns  and  different  diameters  on  a 
magnetic  needle  placed  in  different  positions  in  the  plane  of  the  coil 

and  along  its  axis.  The  ar- 
rangement consists  of  a  base- 
board, to  one  end  of  which  is 
fixed  a  standard  carrying  scale 
box  and  magnetometer  needle. 
Two  ring-shaped  bobbins  are 
wound  with  coils  of  insulated 
copper  wire.  The  larger  one, 
fixed  to  a  base  capable  of  sliding 
either  parallel  or  perpendicular 
to  its  own  plane,  is  wound  with 
two  distinct  coils  of  10  or  30 
turns,  respectively  connected  to 
two  pairs  of  terminals  on  its 
base.  Thus  10,  20,  30,  or  40 
effective  turns  can  be  obtained  by  using  the  coils  singly  and  in  helping 
or  opposing  series.  The  smaller  bobbin  is  wound  with  only  one  coil 
of  10  turns,  connected  to  the  two  terminals  on  its  base,  which,  when 
placed  on  the  base  of  the  larger  coil,  brings  its  centre  to  coincide  with 
that  of  the  needle.  The  main  base-board  is  provided  with  scales 
and  grooves  at  right  angles,  by  means  of  which  the  coils  can  be 
guided  to  any  distance  from  the  needle  in  either  of  two  directions  at 
right  angles,  when  the  pins  are  inserted  in  the  base  of  the  large  coil. 
When  in  use,  the  small  coil,  whose  diameter  is  half  that  of  the  large 
one,  is  used  as  shown  in  the  figure,  on  the  base  of  the  larger,  the  two 
being  kept  concentric  with  one  another  by  making  the  index  marks  on 
their  bases  coincide. 


FIG.  130. 


Portable  Galvanometer. 

A  portable  form  of  galvanometer,  which  can  be  used  with  a  Wheat- 
stone  bridge  when  a  very  great 
degree  of  sensitiveness  is  not  re- 
quired, is  shown  in  Fig.  131.  It 
is  convenient  for  use  when  a  re- 
flecting instrument  cannot  be  em- 
ployed or  obtained  in  just  the 
position  desired.  It  consists  of  two 
flat  coils,  wound  with  fine  silk- 
covered  copper  wire,  of  the  form 
shown  in  Fig.  132.  There  is  a 
large  narrow  opening  in  the  centres 
of  each  of  the  coils,  and  they  are  fixed  so  that  their  magnetic  axes 
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FIG.  132. 


coincide,  the  ends,  such  as  E,  being  a  short  distance  apart  to  allow 
of  the  free  rotation  of  a  delicate  vertical  spindle  passing  down  between 
them  and  running  in  jewelled  centres.  This  spindle  carries  a  long 
light  pointer  at. the  top  and  a  light  magnetic 
needle  lower  down,  which  can  just  rotate  freely 
inside  the  rectangular  openings  in  the  coils.  The 
coils  are  so  connected  together  in  series  between 
the  two  terminals  that  their  unlike  poles  are 
adjacent  ;  thus,  when  the  axis  of  the  little  needle 
is  at  right  angles  to  their  magnetic  axis  and  a  current  is  sent 
through  the  coils,  the  poles  of  the  needle  are  attracted  by  the  dis- 
similar ones  at  the  outside  ends  of  the  coils,  the  pointer  at  the  same 
time  indicating  the  deflection  of  the  needle  inside  on  the  degree-divided 
scale  above.  The  type  of  galvanometer  shown  is  wound  usually  to 
about  i  coo  ohms  resistance,  and  may  have  a  figure  of  merit  of  some- 
thing like  TOQOOOO  ampere  per  i°  deflection  on  the  scale.  It  should  be 
noted  that  before  using  the  instrument  it  should  be  turned  round  so 
that  the  pointer  points  to  zero  on  the  scale,  for  then  the  magnetic  axes 
of  needle  and  coils  will  be  perpendicular. 

Fig.  133  shows  another  convenient  form  of  galvanometer,  devised 
by  Dr.  R.  M.  Walmsley  and  Mr.  T.  Mather,  and  having  a  considerable 
degree  of  sensitiveness.  The  construction  and  action  will  be  more 
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FIG.  134. 


readily  understood  by  reference  to  Fig.  134  as  well.  It  consists  of  two 
semicircular  coils,  C,  fixed  inside  a  well  turned  out  of  a  base,  which  is 
supported  on  three  levelling  screws  (Fig.  133).  The  coils  are  connected 
in  series,  so  that  the  upper  ends  are  a  north  and  south  pole  respectively, 
and  are  joined  to  the  two  terminals  shown.  Suspended  symmetrically 
with  regard  to  the  coils,  by  a  fine  silk  fibre,  is  a  light  magnetic 
needle,  ns,  which  can  just  rotate  freely  above  them,  its  length  being  just 
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a  little  greater  than  the  distance  between  the  parallel  edges  of  C,  C.  A 
pointer,  /,  is  rigidly  attached  to  ns  by  the  thin  aluminium  wire  fixed 
to  both.  For  no  current  passing  ns  lies  parallel  to  the  straight  edges 
ofC,  C,  but  on  the  passage  of  a  current,  unlike  poles  attract,  causing  a 
deflection,  which  in  this  type  of  galvanometer  is  directly  proportional 
to  the  current  up  to  about  60°,  owing  to  the  needle,  when  deflected, 
moving  into  a  more  powerful  part  of  the  deflecting  field.  The  sus- 
pending arrangements  are  shown  in  Fig.  133,  which,  together  with  the 
scale  and  pointer,  etc.,  are  under  a  glass  shade  to  protect  the  needle 
from  draughts.  As  seen,  a  circular  plane  mirror  is  used  inside  the 
degree-divided  scale  for  the  purpose  of  avoiding  errors  due  to 
parallax. 


Astatic  Combination. 

When  a  still  more  sensitive  instrument  of  this  form  is  wanted,  an 
"  astatic  combination  "  of  needles  can  be  used  instead  of  one  needle 
only.  This  consists  of  two  nearly  similar  highly  magnetized  steel 
needles  rigidly  tixed  to  a  thin  aluminium  wire,  with  their  like  poles 
pointing  in  opposite  directions.  In  the  above  galvanometer  it  will  be 
seen  that  the  sensitiveness  is  more  than  doubled  by  such  an  addition, 
because  while  the  earth's  controlling  force  on  the  system  is  much 
diminished  the  movement  of  the  deflecting  force  on  the  needles  is 
doubled,  since  they  are  at  opposite  sides  of  C,  C.  In  practice,  perfect 
astaticism  is  undesirable,  owing  to  the  earth's  magnetism  being  unable 
to  exert  any  controlling  force  on  the  system,  causing  the  needles  to 
wander  or  rest  in  any  position.  Hence  a  small  directive  force  may 
preferably  be  given  to  the  system  by  making  one  of  the  needles  slightly 
stronger  than  the  other.  It  may  also  be  done  by  placing  a  controlling 
magnet  a  trifle  nearer  one  needle  than  the  other,  so  as  to  act  more 
strongly  on  that  one. 


Sine  Galvanometer. 

The  preceding Walmsley-Mather  galvanometer  can  be  used  as,  what 
is  commonly  called,  a  sine  galvanometer,  by  placing  the  instrument 
as  it  stands  on  another  baseboard  capable  of  turning  in  a  horizontal 
azimuth  about  a  centre  which  is  in  a  vertical  line  with  that  of  the  needle. 
In  any  galvanometer  the  current  flowing  through  it  will  be  directly 
proportional  to  the  sine  of  the  angle  of  deflection,  providing — - 

(1)  The  controlling  force  is  constant  in  magnitude  and  direction. 

(2)  The  deflecting  force,  although  variable  in  its  direction  in  space, 
is  fixed  in  direction  relatively  to  the  deflected  needle. 

In  other  words,  any  galvanometer  which  is  controlled  by  a  distant 
magnet  or  the  earth's  field,  and  can  be  rotated  round  an  axis  passing 
through  the  centre  of  the  needle,  can  be  used  as  a  sine  galvanometer. 
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Standard  Direct = reading  Electric  Balance. 

Fig.  135  shows  the  general  appearance  (with  glass  cover  removed) 
and  Fig.  136  a  part  symbolical  elevation  of  Lord  Kelvin's  centi-ampere 
balance. 

i.  The  instrument  is  founded  on  the  principle  of  action  of  the 
mutual  forces,  discovered  by  Ampere,  between  movable  and  fixed 


FIG.  136. 

portions  of  an  electric  circuit.  The  shape  chosen  for  the  mutually 
influencing  portions  is  circular,  and  each  such  part  will  be  called  for 
brevity  an  ampere  ring,  whether  it  consists  of  only  one  turn  or  of 
any  number  of  turns  of  the  conductor. 

2.  In  this  balance,  each  movable  ring,  B  and  B',  is-  actuated  by  two 
fixed  rings,  AC  and  A'C — all  three  approximately  horizontal.     There 
are  two  such  groups  of  three  rings — two  movable  rings  attached  to 
the  two  ends  of  a  horizontal  balance  arm  pulled,  one  of  them  up  and 
the  other  down,  by  a  pair  of  fixed  rings  in  its  neighbourhood.     The 
current  is  in  opposite  directions  through  the  two  movable  rings  to 
practically  annul  disturbance  due  to  horizontal  components  of  terres- 
trial or  local  magnetic  forces. 

3.  The  balance  arm  is  supported  by  two  trunnions,  each  hung  by 
an  elastic  ligament  of  fine  wire,  /,  through  which  the  current  passes 
into  and  out  of  the  circuit  of  the  movable  rings. 

4.  The    mid-range    position    of    each    movable    ring    is   in    the 
horizontal  plane  nearly  midway  between  the  two  fixed  rings  which 
act  on  it. 

5.  The  current  goes  in  opposite  directions  through  the  two  fixed 
rings,  so  that  the  movable  ring  is  attracted  by  one  of  the  fixed  rings 
and  repelled  by  the  other.     The  position  of  the  movable  ring,  equi- 
distant from  the  two  fixed  rings,  is  a  position  of  minimum  force,  and 
the  sighted  position,  for  the  sake  of  stability,  is  above  it  at  one  end  of 
the  beam  and  below  it  at  the  other,  in  each  case  being  nearer  to  the 
repelling  than  to  the  attracting  ring  by  such  an  amount  as  to  give 
about  ^Q  per  cent,  more  than  the  minimum  force. 

6.  The  balancing  is  performed  by  means  of  a  weight  which  slides 
on  an  approximately  horizontal  graduated  arm  attached  to  the  balance  ; 
and  there  is  a  trough,  /,  fixed  on  the  right-hand  end  of  the  balance  into 
which  a  proper  counterpoise  weight,  W,  is  placed,  according  to  the 
particular  one  of  the  sliding  weights  in  use  at  any  time  (sect  9  below). 
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For  the  fine  adjustment  of  the  zero  a  small  metal  flag  is  provided,  as 
in  an  ordinary  chemical  balance.  This  flag  is  actuated  by  a  fork 
having  a  handle  below  the  case  outside,  as  shown  in  the  drawing, 
Fig.  135.  To  set  the  zero  the  left-hand  weight  is  placed  with  its 
pointer  at  the  zero  of  the  scale,  and  the  flag  is  turned  to  one  side  or 
the  other  until  it  is  found  that,  with  no  current  going  through  the 
rings,  the  balance  rests  in  its  sighted  position. 

7.  To  measure  a  current  the  weight  is  slipped  along  the   scale 
until  the  balance  rests  in  its  sighted  position.     The  strength  of  the 
current  is   then   read  off  approximately  on  the   fixed   scale    (called 
the   inspectional    scale),  with    aid   of  the    finely   divided    scale    for 
more    minute    accuracy,    according    to    the    explanations    given   in 
sect,  ii  below.     Each  number  on  the  inspectional  scale  is  twice  the 
square  root  of  the  corresponding  number  on  the  fine  scale  of  equal 
divisions. 

8.  The  slipping  of  the  weight  into  its  proper  position  is  performed 
by  means  of  a  self-releasing  pendant,  hanging  from  a  hook  carried  by 
a  sliding  platform,  which  is  pulled  in  the  two  directions  by  two  silk 
threads  passing  through  holes  to  the  outside  of  the  glass  case. 

9.  Four  pairs  of  weights  (sliding  and  counterpoise),  of  which  the 
sledge  or  carriage  and  its  counterpoise  constitute  the  first  pair,  are 
supplied  with  the  instrument.     These  weights  are  adjusted  in  the 
ratios  of  I  \  4  I  16  :  64,  so  that  each  pair  gives  a  round  number  of 
amperes,  or  half-amperes,  or   quarter-amperes,  or  of  decimal   sub- 
divisions   or    multiples    of    these    magnitudes    of    current,    on    the 
inspectional  scale. 

10.  The  useful  range  of  each  instrument  is  from  I  to  100  of  the 
smallest  current  for  which  its  sensibility  suffices.     The  range  of  this 
instrument  is  from  I  to  100  centi-amperes.     The  following  table  shows 
the  value  per  division  of  the  inspectional  scale  corresponding  to  each 
of  the  four  pairs  of  weights  : — 

Centi-amperes 
per  division. 

First  Pair  of  Weights 0-25 

Second         ,,  ...         ...         ...  ..          ...  0*50 

Third  ,,  I'o 

Fourth         ,,  2-0 

11.  The  fixed  inspectional  scale  shows,  approximately  enough  for 
most  purposes,  the  strength  of  the  current  ;  the  notches  in  the  top  of 
the  aluminium  scale  show  the  precise  position  of  the  weight  corre- 
sponding to  each  of  the  numbered  divisions  on  the  fixed  scale,  which 
practically  annuls  error  of  parallax  due  to  the  position    of  the  eye. 
When  the  pointer  is  not  exactly  below  one  of  the  notches  correspond- 
ing to  integral   divisions  of  the  inspectional  scale,  the  proportion  of 
the  space  on  each  side  to  the  space  between  two  divisions  may  be 
estimated  inspectionally  with  accuracy  enough  for  almost  all  practical 
purposes.     Thus  we  may  readily  read  off  34*2  or  347  by  estimation 
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with  little  chance  of  being  wrong  by  I  in  the  decimal  place.  But 
when  the  utmost  accuracy  is  required,  the  reading  on  the  fine  scale  of 
equal  divisions  must  be  taken,  and  the  strength  of  current  calculated 
by  aid  of  the  table  of  doubled  square  roots  given  at  the  end  of  this 
book.  Thus,  for  example,  if  the  reading  is  292,  we  find  34*18,  or  say 
34*2,  as  the  true  scale  reading  for  strength  of  current ;  or,  again,  if 
the  balancing  position  of  the  pointer  be  301  on  the  fine  scale,  we  find 
3470  as  the  true  reading  of  the  inspectional  scale. 

12.  The  centi-ampere  balance,  with  a  thermometer  to  test  the 
temperature  of  its  ampere  rings,  and  with  platinoid  resistances  up  to 
1600  ohms,  serves  to  measure  potentials  of  from  10  volts  to  400  volts. 

CONSTANT  OF  THE  CENTI-AMPERE  BALANCE  WHEN  USED  AS  A 
VOLTMETER. 


Weight  used. 

Resistance  in 
circuit.1 

Volts  per  division 
of  fixed  scale. 

First 

Pair  of  Weights 

4OO 

I.O 

5 

*                                      5» 

800 

2-0 

J>                                       5) 

I2OO 

3'0 

»                                      »5 

1600 

4'0 

If  the  second  pair  of  weights  is  used,  the  constants  will  be  double  of 
those  noted  above. 

13.  Instructions    for    the    Adjustment     of     the    Standard 
Balances. — The  instrument  should  be  levelled  in  accordance  with 
the  indications  of  the  attached  spirit-level,  by  means  of  the  levelling 
screws  on  which  the  sole-plate  of  the  instrument  stands. 

14.  In  this  centi-ampere  balance,  the  beam  can  be  lifted  off  its 
supporting  ligaments  by  turning  a  handle  attached  to  a  shaft  passing 
under  the  sole-plate  of  the  instrument.    This  shaft  carries  an  eccentric, 
on  the  edge  of  which  rests  the  lower  end  of  a  vertical  rod,  which  is 
fixed  at  its  upper  end  to  a  tripod  lifter.     When  the  instrument  is  to  be 
packed  for  carriage,  or  when  it  is  to  be  removed  by  hand  from  place 
to  place,  the  lifter  should  be  raised  ;  but  when  it  is  fixed  up  for  regular 
use,  it  is  advisable  to  keep  the  beam  always  hanging  on  the  ligaments. 

15.  The  carriage  is  fitted  with  an  index  to  point  to  the  movable 
scale,  and  is  intended  to  remain  always  on  the  rail.     One  or  other  of 
the  weights  is  to  be  placed  on  the  carriage  in  it  in  such  a  way  that  the 
small  hole  and  slot  in  the  weight  pass  over  the  conical  pins.     The 
weights  are  moved  by  means  of  a  slider,  which  slides  on  a  rail  fixed 
to  the  sole-plate  of  the   instrument,  and  carries  a  pendant  with  a 
vertical  arm  intended  to  pass  up  through  the  rectangular  recess  in  the 
front  of  the  weight  and  carriage.     The  slider  and  weight  are  shown 
in  position  in  the  figures.     The  slider  is  moved  by  silk  cords,  which 
pass  out  at  the  ends  of  the  glass  case.     When  the  cords  are  not  being 

1  Including  resistance  of  the  instrument,  which  is  about  50  ohms. 
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pulled  for  shifting  the  weight,  their  ends  should  be  left  free  so  that  the 
pendant  may  hang  clear  of  the  weight.  When  a  weight  is  to  be  placed 
on  or  removed  from  the  carriage,  the  slider  should  be  drawn  forward 
at  the  top  until  it  is  clear  of  the  weight,  and  then  pushed  to  one  side 
until  the  weight  is  adjusted,  when  it  may  be  replaced  in  position  in  a 
similar  manner. 

1 6.  Cylindrical    counterpoise    weights    with    a    cross-bar    passed 
through  them  are  supplied  for  the  purpose  of  balancing  the  sliding 
weights  when  they  are  placed  at  the  zero  of  the  scale.     The  sliding 
weight  should  be  placed  so  that  the  index  of  the  carriage  points  to  the 
zero  of  the  scale,  and  the  proper  counterpoise  weight  should  be  placed 
in  the  trough,  fixed  to  the  right-hand  end  of  the  beam,  with  its  cross- 
bar passing  through  the  hole  in  the  bottom  of  the  trough.     The  flag 
which  is  attached  to  the  cross-trunnion  of  the  beam  should  then  be 
turned  by  means  of  the  handle  projecting  from  under  the  sole-plate, 
until  the  index  on  the  end  of  the  movable  scale  points  to  the  middle 
one  of  the  five  black  lines  on  the  fixed  scale  opposite  to  it.     Care 
must  be  taken  when  making  this  adjustment  that  the  fork   which 
moves  the  flag  is  not  left  in  contact  with  it,  as  this  would  impede  the 
free  swing  of  the  beam.     The  fork  should  be  turned  back  a  little  after 
each  adjustment  of  the  flag,  and,  when  the  flag  is  being  adjusted,  it  is 
better  to  watch  the  flag  itself,  and  make  successive  small  adjustments 
until  the  beam  stands  at  zero,  than  to  make  successive  trials  by  push- 
ing round  the  handle  while  watching  the  position  of  the  index. 

If  the  ligament  has  stretched  since  the  instrument  was  standard- 
ized, the  index  at  one  end  of  the  movable  scale  will  be  found  to  be 
below  the  middle  line  on  its  vertical  scale,  when  the  index  at  the  other 
end  is  correctly  pointing  to  the  zero  position.  The  error  so  intro- 
duced would  be  a  small  one,  but  it  may  be  easily  put  right  by  slightly 
loosening  the  screws  fixing  the  pillared  frame,  which  supports  the 
movable  beam,  to  the  base  plate,  and  raising  it  by  slipping  one  or  two 
thicknesses  of  paper  below  it  until  the  indices  simultaneously  point  to 
their  zero  position. 

17.  A  lens  is   supplied  with  each  instrument  for  facilitating  ac- 
curate observation,  either  when  reading  the  position  of  the  weight  or 
when  adjusting  the  zero. 

1 8.  The  vibrations  of  the  beam  may  be  checked  so  as  to  facilitate 
reading  by  bringing  the  pendant,  which  moves  the  weight,  lightly  into 
contact  with  it,  in   such  a  way  as  to  give  a   little  friction  without 
moving  the  weights. 

19.  In  using  the  centi-ampere  balance  as  a  voltmeter  when  great 
accuracy  is  required,  care  must  be  taken  that  the  effect  of  change  of 
temperature  in  changing  the  resistance  of  the  coils  of  the  instrument, 
and  of  the  external  resistance  coils,  is  allowed  for  ;  and  in  this  use  of 
the  instrument  it  is   advisable   to  employ  currents  such  as  can  be 
measured  by  the  lightest  weight  on  the  beam.     When  the  instrument 
is  to  be  used  as  a  voltmeter,  four  resistances  are  provided,  three  of 
which  are  each  400  ohms,  and  the  fourth  is  less  than  400  ohms  by  the 
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resistance  of  the  coils  of  the  instrument  at  a  certain  specified  tem- 
perature. The  smallest  resistance  is  intended  to  be  included  by  itself 
in  the  circuit  when  the  lowest  potentials  are  being  measured,  and  in 
series  with  one  or  more  of  the  others  when  the  potential  is  so  high  as 
to  give  a  stronger  current  than  can  be  measured  with  the  lightest 
weight  on  the  beam.  The  correction  for  temperature  is,  for  the  copper 
coils  of  the  balance,  about  0-38  per  cent,  per  degree  Centigrade, 
and  for  the  platinoid  resistances,  about  0*024  per  cent,  per  degree 
Centigrade. 


Adjustable  Magneto  =  static  Current  Meter. 

i.  The  magneto-static  current  meter  (Fig.  137)  consists  essentially 
of  a  small  steel  magnet  or  system  of  magnets  suspended  in  the  centre 
of  a  uniform  field  of  force  due  to  two  coils,  each  having  one  or  more 
^^,  ,  turns  of  copper  ribbon  or 

wire,  and  also  under  the  direc- 
tive influence  of  two  systems 
of  powerful  steel  magnets. 

2.  The  suspended  system 
of  magnets  is  attached  to  one 
end  of  a  vertical  shaft  passing 
down    centrally    through    an 
opening  in  the   sole-plate   of 
the  instrument  from  an  indi- 
cating  needle,  which  is  sup- 
ported    by    a    jewelled     cap 
resting  upon  an  iridium  point. 

3.  The    two     systems    of 
directive  magnets  are  circular 
in    form,   and   each    ring  is 
composed  of  two  semicircular 
magnets    placed    in    a   brass 

cylindrical  frame  with  their  similar  poles  together.  Each  system  is 
securely  fixed  to  a  circular  brass  frame,  which  fits  on  to  the  cylindrical 
case  of  the  instrument  in  such  a  manner  that  the  systems  are  capable 
of  being  turned  round,  together  or  separately,  as  explained  below. 

4.  The  instrument  has  a  "  tangent  scale,"  which  is  adjusted  in  its 
position  before  the  instrument  is  sent  out,  so  that  the  needle  indicates 
equal  differences  of  readings  for  equal  differences  of  current.  The 
scale  consists  of  a  hundred  divisions,  and  for  most  purposes  it  is  con- 
venient to  set  the  field  magnets  in  such  a  position  that  the  needle 
points  to  o,  and  to  use  the  scale  from  that  point  upwards  towards  100. 
Sometimes,  however,  it  may  be  found  convenient  to  measure  currents, 
whose  direction  is  being  occasionally  reversed,  without  being  at  the 
trouble  of  reversing  the  electrodes  in  the  contact  clip  ;  in  that  case  the 
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zero  should  be  set  to  the  division  50  at  the  middle  of  the  scale,  and 
readings  taken  on  each  side  of  it.  It  must  be  remembered  that  when 
the  point  taken  as  zero  is  changed,  the  constant,  by  which  the  indica- 
tions of  the  instrument  have  to  be  multiplied  to  give  the  current  in 
amperes,  is  changed  in  proportion  to  the  cosine  of  the  angle  between 
the  zero  point  and  the  middle  of  the  scale  ;  and  as  this  angle  is  60°,  the 
constant  with  the  zero  at  50  on  the  scale  is  exactly  double  the  constant 
with  the  zero  at  o  on  the  scale. 

5.  The  instrument  is  provided  with  a  "  lifter,"  which  serves  to  raise 
the  needle  off  the  iridium  point  when  it  is  being  moved  about  from 
place  to  place.     This  lifter  is  in  the  form  of  a  ring  placed  below  the 
needle,  and  may  be  raised  or  lowered  by  turning  the  handle  attached 
to  an  eccentric  passing  through  the  side  of  the  instrument  on  a  level 
with  the  scale.     It  also  serves  as  a  checker,  by  bringing  it  lightly  into 
contact  with  the  pointer,  so  as  to  stop  its  vibrations. 

6.  The  instrument  has  an  advantage,  important  for  some  practical 
purposes,  of  being   available   as   an  accurate  direct-reading  current 
meter,  through  a  continuous  range  of  from  i  to  100  times  its  smallest 
current,   which   may    be   anything   from    half    a    milliampere    to    4 
amps.,  according  to  the  number  of  turns  in  the  coils  supplied  with 
the  instrument.     It  is  not,  however,  available  as  an  alternate  current 
instrument,  and  it  must  be  remembered  that  the  magnetism  of  the 
steel  directing  magnet  does  not  remain  absolutely  constant.     With 
good  quality  of  steel,  a  proper  preliminary  ageing  of  the  magnet  (by 
heating  it  several  times  in  boiling  water  and  cooling  it  again,  and  sub- 
jecting it  to  somewhat  varied  rough  usage)  brings  it  to  a  condition  in 
which  its  magnetism  is  found  to  remain  exceedingly  nearly  constant 
month  after  month  and  year  after  year.     Still,  it  should  never  be  relied 
upon  as  absolutely  constant,  and  for  accurate  laboratory  work  it  is 
therefore  necessary  to  occasionally  standardize  it. 

7.  Another  advantage  which  the  instrument  has  is  that,  when  a 
standard  instrument  is  available,  its  constant  is  capable  of  being  varied 
to  any  desired  value  down  to  one-tenth  of  that  which  it  has  with  its 
directive  magnets  in  their  strongest  position.     Thus  if  the  constant 
should  be  3  amps,  per  division  of  the  scale,  with  the  similar  poles  of 
the  magnets  coinciding,  it  may  be  adjusted  to    any  value  down  to 
0-3  amp.  per  division. 

8.  Instructions  for  Use  of  the  Magneto-static  Current  Meters. 
— The  instrument  should  be  levelled,  in  accordance  with  the  attached 
spirit-level,  by  means  of  the  levelling  screws. 

9.  To   adjust  the  Pointer  to   Zero. — (a)  Loosen    the   two   lower 
milled-headed  screws  clamping  the  magnet  frame,  and  turn  the  frame 
round  till  the  pointer  stands  at  zero.      (/£)    Reclamp  the  frame  by 
tightening  the  two  screws. 

ic.  Adjustment  of  the  Scale. — The  scale,  as  stated  above 
(sect.  4),  is  firmly  clamped  in  its  place  before  sending  the  instrument 
out,  and  this  position  is  marked  by  two  lines  on  the  outside  of  the 
case,  one  horizontal  and  the  other  vertical,  just  below  the  o  of  the 
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scale.  The  horizontal  line  is  engraved  below  the  movable  top  of 
the  instrument,  and  the  vertical  one  on  the  side  of  the  case.  Should 
the  top  of  the  instrument  have  been  inadvertently  moved,  and  the 
scale  thus  put  out  of  adjustment,  it  may  be  set  right  by  slightly 
loosening  the  two  slotted  screws  and  turning  the  top  round  till  the 
extremities  of  the  two  lines  coincide. 

11.  If   the  needle   should  by  accident  be   slightly  bent,1   and  so 
render  a  new  adjustment  of  the  scale  necessary,  this  may  readily  be 
made  in  the  following  manner  :  Set  the  zero,  by  the  field  magnets,  to 
the  division  50  at  the  middle  of  the  scale,  then  join  the  instrument  in 
series  with  another  current  instrument  of  convenient  form,  and  pass  a 
current  through  both  sufficient  to  give  a  deflection  of  about  40  divisions 
on  the  magneto-static  instrument ;  reverse  the  current  on  the  magneto- 
static  instrument  only,  and  set  the  scale  so  that  equal  deflections,  read 
in  divisions,  are  given  on  each  side  of  the  zero  for  equal  currents,  as 
indicated  on  the  auxiliary  instrument.     The  zero  must,  of  course,  be 
reset  by  the  magnets  every  time  the  scale  is  moved.     When  the  scale 
has  been  adjusted  to  this  position,  firmly  clamp  the  top  of  the  instru- 
ment by  the  two  slotted  screws,  and  again  mark  the  position  of  the 
horizontal  line  on  the  outside  of  the  case. 

12.  Adjustment     of   Constant. — The    constant    may    be    quickly 
varied  as  follows :    Join   the   instrument    in   series  with  any  reliable 
current   instrument    of   known   accuracy,    such   as   the   deci-ampere 
balance,  and  pass  a  convenient   current  through  both  instruments, 
observing  the  readings.    Break  the  current,  loosen  the  two  upper  pairs 
of  milled-headed  screws,  and  turn  the  top  system  of  magnets  relatively 
to  the  lower,  so  that  the  similar  poles  of  the  two  systems  are  brought 
closer  together  or  moved  further  apart,  according  as  it  is  desired  to 
make  the  instrument  respectively  less  or  more  sensitive.      Reclamp 
the  screws  and  adjust  the  zero  as  described  in  sect.  10.     Again  make 
the  current,  and  note  the  reading  on  the  two  instruments.     The  desired 
reading  on  the  magneto-static  may  be  obtained  quickly  after  one  or 
two  approximations,  care  being  always  taken  to  readjust  the  zero  after 
each  movement  of  the  top  magnets. 

13.  When  convenient  it  is  always  best  to  standardize  the  instrument 
in  the  place  where  it  is  to  be  used  ;  but  when  it  is  intended  to  move  it 
from  place  to  place,  it  should  be  standardized  in  such  a  position  that 
when  the  needle  is  pointing  to  zero  it  is  in  a  direction  approximately 
east  and  west. 


Reflecting  Galvanometers. 

A  simple  form  of  reflecting  galvanometer  is  shown  in  Fig.  138,  and 
consists  of  two  coils  of  fine  silk-covered  copper  wire  wound  on  a  wooden 

1  If  it  is  bent  so  largely  as  to  be  perceptible  to  the  eye,  it  ought  to  be 
straightened  by  hand  as  nearly  as  may  be. 
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bobbin,  having  a  small  hole  through  its  centre  and  one  end  hollowed 
out  trumpet-shaped.  The  bobbin  is  fixed  to  two  brass  standards  on  a 
base  supported  on  three  levelling  screws.  The  ends  of  each  coil  are 
connected  to  the  right  and  left  hand  pairs  of  terminals  respectively  on 
the  base.  A  wooden  plug  terminating  in  a  knob  at  one  end  is  inserted 
in  the  hole  through  the  coil,  and  extends  just  as  far  as  the  centre  of 
the  coil.  A  pin  is  in- 
serted in  the  edge  of 
the  other  end  of  this 
plug,  and  the  mirror, 
with  its  one  or  more 
needles  fixed  to  its 
back,  is  suspended  from 
it  by  a  short  fine  silk 
fibre.  Two  small  pieces 
of  fine  watch-spring, 
magnetized  and  fixed  to 
the  back  of  the  mirror 
with  like  poles  together, 
form  a  very  good  needle. 
The  inner  turns  of  the 
coil  are  brought  as  close 
to  the  needles  as  pos- 
sible, to  increase  the 
sensitiveness  of  the  gal- 
vanometer, and  the  end 
of  the  bobbin  is  trumpet- 
shaped  to  allow  of  a 
wider  angle  of  reflection 
of  the  mirror.  A  con- 
trolling magnet,  resting 
on  a  pin  attached  to  a 
clamp,  can  be  clamped 
in  any  position  up  or 
down  the  slot  in  the  P'IG.  138. 

front   standard,   by  the 

milled  nut  shown.  Thus  the  magnitude  of  the  control  can  be  altered 
at  will,  and  the  magnet  turned  on  the  pin  to  bring  the  spot  of 
light  reflected  from  the  mirror  to  zero  on  the  scale.  The  "  figure  of 
merit "  of  this  form  of  galvanometer  is  very  high  considering  its  simple 
construction,  and  its  resistance  can  be  made  anything  desired. 

With  it  possessing  two  coils,  these  can  be  used  either  singly  or  in 
series  helping  or  opposing  one  another,  or  in  parallel,  thereby  giving 
an  extended  range  both  in  resistance  and  sensitiveness. 
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Differential  Galvanometer. 

The  instrument  just  described  is  well  adapted  for  forming  a  dif- 
ferential galvanometer,  the  only  difference  being  the  final  adjustments 
of  the  number  of  turns  and  resistance  of  its  two  coils.  Suppose  the 

coils  were  coupled  up  to  a  battery  as 
in  Fig.  139.  Then,  if  the  resistance  of 
coil  ABC  equals  that  of  ADB,  equal 
currents  will  flow  through  them,  but  in 
opposite  directions  ;  hence,  if  in  addition 
the  magnetic  effects  of  the  two  coils  are 
equal,  no  deflection  of  the  needle  will 
take  place  whatever  E.M.F.  is  placed 
FIG.  139.  across  the  points  AB.  It  will  now  be  at 

once  obvious  that  other  things  remaining 

the  same,  any  added  unknown  resistance  inserted  in  the  circuit  of  coil 
ACB  will  cause  a  deflection,  and  that  this  can  be  nullified  by  inserting 
an  exactly  equal  resistance  to  circuit  ADB. 

Thus  an  instrument  possessing  two  coils  acting  on  the  same  mag- 
netic needle  with  equal  magnetic  effect,  and  having  equal  resistances, 
can  be  used  for  comparing  two  resistances,  or  of  measuring  that  of  an- 
unknown  coil  in  terms  of  a  standard,  and  is  termed  a  "  differential 
galvanometer."  The  last-named  galvanometer  can  be  made  differen- 
tial as  follows  :  Wind  both  coils  on  to  the  bobbin  as  close  together  as 
possible,  and  off  two  reels  of  exactly  similar  wire  ;  then  test  and  cut, 
so  that  each  coil  has  the  same  resistance,  though  not  necessarily  the 
same  length.  Send  now  a  current  through  the  two  coils  in  "  opposing 
series,"  and  unwind  just  so  many  turns  or  fraction  of  a  turn  as  will 
result  in  no  deflection  being  obtained  ;  then,  without  cutting  this  off, 
coil  it  up  in  the  base  of  the  instrument.  In  this  way  equal  magnetic 
effect  and  equal  resistance  is  obtained,  and  any  slight  adjustment  can 
afterwards  be  made  by  means  of  the  levelling  screws,  so  as  to  suitably 
tilt  the  needle  in  the  right  direction  to  make  the  galvanometer 
absolutely  differential. 


Astatic  Ballistic  Galvanometer. 

The  reflecting  galvanometer  shown  in  Fig.  140  is  one  devised  by 
Mr.  T.  Mather,  for  the  purpose,  primarily,  of  comparing  quantities  of 
electricity,  though  it  can  of  course  be  used  for  all  ordinary  experi- 
mental work  in  which  a  galvanometer  with  a  very  considerable  degree 
of  sensitiveness  is  required.  It  can  be  made  either  "  astatic,"  "  bal- 
listic," or  both,  and  consists  of  two  flat  bobbins  with  very  thin  flanges 
on  one  side  of  each,  wound  with  fine  silk-covered  copper  wire,  and 
connected  to  their  respective  pairs  of  terminals  on  the  base  supported 
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on  three  levelling  screws.  The  centres  of  each  coil  at  the  thin  flange 
end  are  hollowed  out  trumpet-shaped  as  much  as  possible,  and  these 
two  ends  of  the  coils  brought  close  together  and  fixed  by  ebonite 
angle  brackets  on  the  outer  ends  of  the  coils.  On  an  aluminium  wire 
are  fixed  three  sets  of  little  magnetic  needles,  together  with  the  small 
concave  mirror  at  the  top,  as  seen.  The  middle  set  can  just  move 
freely  in  the  hollowed  coil  centres,  and  forms  an  astatic  combination 
with  the  remaining  two  sets  close  to  the  top  and  bottom  of  the  coils. 


P'iG.  140. 

This  magnet  system  is  suspended  by  a  fine  silk  fibre  from  a  milled- 
headed  pin,  which  can  move  up  or  down  in  the  top  of  a  standard  of 
the  shape  shown,  and  a  glass  shade  protects  these  parts  from  air 
draughts.  It  will  now  be  seen  that,  when  the  coils  are  joined  up  so 
that  opposite  polarities  are  adjacent,  the  two  outside  sets  of  magnets 
are  affected  by  the  outside  convolutions  of  the  two  coils,  and  will 
both  be  deflected  in  the  same  direction  as  the  middle  set.  Thus 
the  deflecting  couple  will  be  that  due  to  the  sum  of  the  couples  acting 
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on  the  three  sets  of  needles  individually.  To  obtain  greater  damping 
due  to  air  resistance,  a  light  mica  strip  may  be  used  instead  of  the 
aluminium.  To  make  the  galvanometer  ballistic  use  the  wire,  and  in 
addition  weight  the  needle  system  so  as  to  increase  its  periodic  time 
of  oscillation. 


Thomson  High = resistance  Astatic  Galvanometer. 

Fig.  141  represents  a  delicate  and  highly  sensitive  galvanometer, 
commonly  known  as  the  Thomson  high- resistance  astatic  galvano- 
meter, which  is  capable  of  detecting  exceedingly  small  currents,  such  as 

might  flow  through  the  insulation  of  a 
cable.  It  consists  of  four  coils  of  very 
fine  silk-covered  copper  wire,  mounted 
in  four  ebonite  coil  boxes,  and  arranged 
in  two  pairs  with  the  magnetic  axes  of 
each  pair  in  the  same  straight  line. 
Each  coil  is  slightly  hollowed  out  at 
the  centre,  and  when  these  hollows  of  a 
pair  of  coils  are  close  together  and  just 
opposite,  sufficient  room  is  obtained  for 
the  motion  of  the  small  suspended 
magnetic  needles  inside. 

The  two  pairs  of  coil  boxes  are 
supported  one  above  the  other  by  two 
corrugated  ebonite  pillars  at  the  sides, 
and  the  two  front  boxes  are  hinged  and 
secured  by  means  of  spring  buttons  to 
the  fixed  boxes  at  the  back.  Suspended 
by  a  fine  silk  fibre,  attached  to  a  point 
over  the  top  of  the  upper  coils,  are  two 
sets  of  magnetic  needles,  rigidly  fixed 
to  a  light  aluminium  wire,  and  arranged 
astatically.  The  needles  of  each  set 
FlG  have  their  like  poles  facing  one  way 

aHd  close  together,  so  that  each  set 
can  move  freely  in  the  hollow  opening  between  the  centres  of  each 
pair  of  coils.  The  mirror,  together  with  a  light  mica  vane,  is  fixed 
to  the  aluminium  wire  midway  between  the  coils,  as  seen.  This 
is  a  much  better  plan  than  that  of  attaching  the  mirror  to  one  set  of 
magnetic  needles,  which  necessitates  having  a  large  opening  in  the 
front  coil  of  that  pair,  and  prevents  the  turns  of  wire  being  brought 
so  close  to  the  needles,  which  is  of  the  utmost  importance.  A  rect- 
angular shade  or  cover  protects  the  interior  from  draughts,  and  at  the 
same  time  supports  on  its  top  a  vertical  rod,  which  can  be  rotated  by 
a  worm  and  wheel,  and  carries  the  curved  controlling  magnet.  The 
ebonite  base,  which  carries  two  pairs  of  terminals  connected  to  the 
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two  pairs  of  coils,  and  also  a  spirit-level,  is  supported  on  three  levelling 
screws,  to  enable  it  to  be  carefully  levelled.  These  galvanometers  are 
wound  to  from  5000  to  100,000  ohms  or  more. 


High = resistance  Astatic  Ballistic  Galvanometer. 

Fig.  142  shows  a  very  sensitive  form  of  high-resistance  ballistic 
galvanometer,  which  will  be  found  very  useful  for  measuring  quanti- 
ties of  electricity,  for  capacity,  and  other  accurate  work.  The  principle 
and  action  is  identically  the  same  as  that  of  the  Mather  galvanometer 


FIG.  142. 

described  on  p.  283.  The  figure  practically  shows  all  the  details  of 
construction,  but  there  are  nevertheless  some  characteristic  points 
about  it  that  may  be  noted.  The  magnetic  needles  are  bell-shaped, 
and  those  at  the  top  and  bottom  of  the  coils  together  form  an  astatic 
combination  with  those  at  the  centre  of  the  two  coils.  To  obtain 
complete  accessibility  to  the  magnet  system,  the  front  coil  is  hinged, 
as  shown.  By  making  all  except  the  brass  parts  of  ebonite  very 
high  insulation  resistance  is  obtained,  which  is  of  the  utmost  value. 
The  instrument,  which  can  be  wound  to  any  resistance,  usually  totals 
about  io,ooo  ohms.  Two  controlling  magnets  are  provided,  one  on 
the  top  of  the  brass  case,  and  one  capable  of  sliding  along  a  rod  at 
the  back  of  the  instrument  ;  both  can  rotate  on  their  spindles. 

The  two  terminals,  instead  of  being  on  the  base,  which  would  lower 
the  insulation  resistance,  are  attached  to  two  brass  rods,  which  pass 
through  much  larger  holes  on  each  side  of  the  case,  and  screw  into 
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brass  blocks  carried  by  ebonite  pillars,  and  to  which  the  coil  ends  are 
brought.  Ebonite  plugs  slide  along  the  terminal  rods,  and  fit  the  case 
closely  to  prevent  the  entrance  of  dust.  When,  however,  the  galvano- 
meter is  in  use,  these '  must  be  pulled  out  to  increase  the  insulation 
resistance  of  the  instrument. 


Reflecting  D'Arsonval  Galvanometer. 

Fig.  143  shows  a  ^ery  convenient  form  of  reflecting  D'Arsonval 
galvanometer  suitable  for  ballistic  purposes.  It  consists  of  a  powerful 
permanent  steel  magnet  of  the  form  shown,  let  into  and  supported  on 
the  ebonite  base,  which  rests  on  three  levelling  screws.  A  standard  at 
the  back,  which  is  fixed  to  the  base,  holds  the  magnet  ends  firmly  in 
position,  and  carries  a  light  brass  pillar,  to  the  head  of  which  the  sus- 
pension is  soldered.  A  rectangular  coil  of  fine  wire,  wound  on  a  light 
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non-metallic  frame,  carries  a  small  concave  mirror,  and  one  end  is 
attached  to  the  phosphor-bronze  strip  suspension,  while  the  other  is 
attached  to  a  similar  strip  underneath,  the  lower  end  of  which  is  held 
down  by  a  spring  strip  on  the  base.  The  coil  encircles  a  cylindrical 
piece  of  good  soft  iron,  often  termed  the  armature,  fixed  to  the  standard, 
and  which  concentrates  the  flow  of  lines  of  force  through  the  coil  from 
pole  to  pole,  thus  making  the  galvanometer  more  sensitive.  One 
terminal  on  the  base  is  connected  with  the  top  suspension,  and  the 
other  with  the  bottom.  Thus  a  source  of  E.M.F.  placed  across  the 
terminals  will  send  a  current  round  the  coil,  which  will  be  deflected  in 
such  a  direction  that  its  own  lines  of  force  tend  to  coincide  in  direction 
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with  those  of  the  fixed  field.  The  periodic  time  of  oscillation  can  be 
made  almost  anything  within  reason,  and  of  course  depends  on  the 
moment  of  inertia  of  the  coil.  This  type  of  galvanometer  can,  on 
the  contrary,  be  made  very  aperiodic  by  winding  the  coil  on  a  light 
aluminium  or  thin  copper  frame.  Then,  when  it  begins  to  move,  eddy 
or  Foucault  currents  are  induced  in  the  frame,  because  of  it  cutting 
the  lines  of  force  due  to  the  fixed  field,  which  damp  its  oscillations. 
These  galvanometers  can  be  made  very  sensitive,  and  the  great  ad- 
vantage of  them  is  that  not  only  are  the  scale  deflections  directly 
proportional  to  the  current,  but  such  deflections  can  be  immediately 
damped  down  to  zero  by  short  circuiting  the  coil  with  a  suitable  key. 


Non= reflecting  D'Arsonval  Galvanometer. 

A  non-reflecting  form  of  D'Arsonval  is  that  devised  by  Carpentier, 
and  shown  in  Fig.  144.  It  is  a  very  sensitive  and  extremely  useful 
type  in  that  it  is  a  zero 
instrument,  and  the 
currents  are  observed 
without  the  aid  of  a 
mirror,  etc.  It  con- 
sists of  a  rectangular 
.coil  of  very  fine  wire 
wound  on  a  light  alu- 
minium frame  to  make 
the  instrument  aperi- 
odic. This  encircles 
a  soft  iron  armature, 
and  is  suspended  be- 
tween the  poles  of  a 
powerful  laminated 
steel  magnet  by  means 
of  a  fine  spiral  phos- 
phor-bronze •  spring. 
The  upper  end  of  this 
spring  is  attached  to 
a  torsion  head,  carry- 
ing a  pointer,  which 
moves  over  a  uniform 
scale  supported  by  the 
same  standards  as 
the  torsion  head  and 
magnets.  A  second 
spring  is  fitted  under- 


neath the  coil,  but  in 
the  reverse    sense   to 


FIG.  144. 


the  top  one,  in  the  same  way  as  the  strip  in  the  previous  D'Arsonval. 
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The  two  large  terminals  shown  are  connected  to  the  coil  through  the 
two  springs.  The  smaller  pair  of  terminals  are  an  addition  to  the 
galvanometer  for  a  special  purpose,  and  need  not  be  further  mentioned. 
A  light  aluminium  index  arm  is  rigidly  fixed  to  the  top  of  the  coil, 
and  moves  over  a  short  index  scale  carried  on  the  top  of  the  pillar 
shown  in  front,  and  constitutes  the  zero  arrangement.  The  topmost 
milled  head  when  turned  raises  or  lowers  the  coil,  and  turns  with  the 
torsion  head  just  under  it.  The  galvanometer  is  protected  by  a  glass 
shade  from  draughts,  and  rests  on  three  legs.  The  moving  coil  can  be 
wound  to  have  either  a  high  or  low  resistance  as  required. 


Weston  Voltmeter. 

Fig.  145  shows  a  Weston  voltmeter  giving  a  full-scale  deflection 
for  i  volt,  and  having  a  resistance  of  100  ohms.  The  seven 
terminals  on  the  right  are  connected  to  anti-inductive  platinoid 
resistances  contained  in  the  cubical  box  on  the  right.  These  being 


FIG.  145. 

multiples  of  100  ohms,  the  arrangement  at  once  enables  higher 
voltages  than  i  volt  to  be  measured.  This  question,  however,  will 
be  deferred  to  our  volume  on  Advanced  Testing  in  Electrical 
Engineering,  as  also  the  construction  of  the  Weston  voltmeter ; 
suffice  it  merely  to  say  that  it  is  a  pivoted  D'Arsonval  galvanometer 
with  a  spring  control,  and  when  used  as  a  shunt  to  any  of  the 
standard  low  resistances  described  on  p.  311,  it  forms  a  most  con- 
venient means  of  measuring  current  by  the  principle  of  "  Ohm's  law." 
It  will  be  found  most  useful  for  measuring  current  in  the  iron  tests 
(vide  p.  146, 
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Quadrant  Electrometer. 

A  simple  and  convenient  form  of  quadrant  electrometer,  and  one 
that  is  susceptible  of  a  high  degree  of  sensitiveness,  is  that  made  by 
M.  J.  Carpentier,  a  slight  modification  of  which  is  shown  in  Fig. 
146.  It  consists  of  a  permanent  laminated  steel  U-shaped  magnet, 
let  into  and  fixed  by  brass  angles  to  a  polished  ebonite  base  on  three 
levelling  screws.  Between  the  two  magnet  poles  is  fixed  the  moving 
needle  and  fixed  quadrants  seen  in  Fig.  147.  This  arrangement 


FIG.  146. 


FIG.  147. 


consists  of  four  quadrant-shaped  iron  plates,  PP,  QQ,  fixed,  in  a 
cylindrical  form,  to  a  piece  of  ebonite,  E,  of  the  same  length  as  the 
plates,  and  having  a  cross-section  as  shown  in  the  shaded  cross  at  the 
top.  A  rather  broad  rectangular  needle  or  frame,  N,  made  of  thin 
aluminium  strip,  is  suspended  by  a  fine  metallic  strip,/,  from  a  pin 
carried  at  the  end  of  a  squared  ebonite  rod,  which  can  be  raised  or 
lowered  by  the  top  screw  on  the  brass  pillar  at  the  back.  The  lower 
fibre,/!,  is  attached  to  the  end  of  a  spring  strip  of  brass,  and  keeps  the 
needle  N  central  with  PP  and  OQ.  Outside  these  latter,  but  not  shown 

U 
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in  Fig.  147,  are  four  exactly  similar  quadrant  plates  of  brass  screwed  to 
them  with  distance  pieces  between,  so  that  N  can  just  rotate  freely 
between  the  brass  and  iron  plates,  of  which  opposite  pairs  are  metal- 
lically connected  together,  and  to  the  outside  terminals  of  the  three 
shown.  The  quadrants  are  carried  by  the  standard  at  the  back.  The 
middle  terminal  is  connected  to  N  through  the  upright  angle  wire  seen 
on  the  left  and  the  suspension  /.  The  whole  of  the  interior  is  pro- 
tected by  a  glass  shade  from  draughts  of  air.  /supplies  the  requisite 
torsion,  when  the  torsion  head  is  turned,  for  turning  N  to  any  desired 
position  inside  the  quadrants.  This  quadrant  electrometer  is  rendered 
aperiodic,  or  dead-beat,  as  it  is  usually  called,  by  the  powerful  magnetic 
field  which  passes  across  the  needle,  inducing  eddy  currents  in  this 
latter  immediately  it  moves,  which,  by  Lenz's  law,  tends  to  stop  the 
motion.  In  this  and  all  electrometers  the  difficulty  of  sufficient  insu- 
lation makes  itself  felt.  If  this- form  be  used  idiostatical'ly,  i.e.  with 
the.  needle  joined  to  one  pair  of  quadrants,  and  therefore  no  initial 
charge,  it  can  be  made  to  give  about  25  cms.  deflection  per  75  volts 
on  a  scale  placed  at  the  usual  distance  from  the  mirror  fixed  to  N  ;  or 
if  it  is  used  heterostatically,  and  the  needle  charge  separately  to  100 
volts,  a  deflection  of  i  cm.  per  volt  is  obtained. 


Electrometers. 

Introductory. — As  distinguished  from  the  class  of  instrument 
termed  a  galvanometer,  which  in  any  form  whatsoever  measures  dif- 
ferences of  electric  potential  by  means  of  the  electro-magnetic  effects 
set  up  by  the  actual  passage  of  currents  of  electricity  due  to  such  P.D.'s, 
[  the_  electrometer  is  an  instrument  for  measuring  P.D.'s  by  the  effects 
of  electro-static  attraction  or  repulsion  between  two  bodies  at  different 
potentials.  Thus  it  will  be  seen  that  one  great  distinctive  difference 
exists  between  the  galvanometer  and  the  electrometer,  namely,  that 
the  former  passes  a  current,  while  the  latter  passes  no  current  when 
used  to  measure  P.D.'s.  This  feature  in  many  classes  of  measure- 
ment renders  one  or  other  of  the  instruments  totally  unsuitable  for 
the  work. 

There  are  a  large  number  of  different  forms  of  electrometers,  but 
these  may  be  classified  into  four  distinct  types,  depending,  in  general, 
on  the  configuration  of  the  particular  instrument,  and  are  as  follows  : — 

(i.)  Repulsion  electrometers  ;  (ii.)  attracted  disc  electrometers  ; 
(iii.)  capillary  electrometers  ;  (iv.)  symmetrical  electrometers. 

In  the  following  pages  we  shall  restrict  ourselves  to  the  type  (iv.) 
of  symmetrical  electrometer,  and  of  the  particular  design  commonly 
known  as  the  "  quadrant  form"  which  was  originally  devised  by  Lord 
Kelvin,  then  Sir  William  Thomson,  and  hence,  even  up  to  the  present 
time,  is  commonly  called  by  the  latter  name.  Though  there  are  many 
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patterns  of  electrometer  constructed  after  this  particular  symmetrical 
form,  as,  for  instance,  those  of  Kelvin,  Clifton,  Carpentier,  etc.,  the 
principle  underlying  the  action  of  each  is  the  same,  and  will  be  under- 
stood by  reference  to  Fig.  148,  I.  and  1 1.,  which  shows  the  arrangement 
used  in  the^Kelvin  electrometer./  It  consists  of  a  light  metallic  needle, 
NN,  made  of  the  shape  shown,  out  of  the 
thinnest  aluminium  sheet  that  will  maintain 
its  shape  from  the  point  of  view  of  rigidity. 

This  needle  is  suspended  by  a  fibre  of 
cocoon  silk  (two  being  used  in  the  actual 
Kelvin  electrometer),  so  that  it  can  turn  in 
a  horizontal  plane,  like  a  compass  needle, 
inside  four  brass  quadrant  boxes,  a,  b,  c,  d, 
which  form  together  a  flat  hollow  cylin- 
drical box  as  seen,  and  which  is  placed 
horizontally.  Each  quadrant  box  is  highly 
insulated  from  the  next  and  rest  of  the 
instrument  by  being  supported  by  a  glass 
stem  or  rod,  not  seen  in  the  figures.  Oppo- 
site boxes,  <?,  d  and  b,  c,  are  connected 
electrically  by  wires,  and  are  therefore 
always  at  the  same  potential.  The  principle 
of  action  is  as  follows  :  Suppose  the  needle, 
NN,  is  positively  charged  in  some  con- 
venient manner,  to  be  described  later  ;  then, 
if  quadrants  a  and  d  are  connected  to 
earth  or  to  the  negative  pole  of  source  of 
E.M.F.,  while  c  and  b  are  joined  to  the 
other,  and  therefore  have  a  positive  charge,  NN  will  be  repelled 
out  of  boxes  b  and  c,  and  attracted  into  a  and  d,  thus  causing  a  de- 
flection, which  will  be  greater  the  higher  the  potential  of  NN,  or  the 
greater  the  E.M.F.  applied  to  the  two  pairs  of  quarter  cylinders.  When 
the  needle  and  quadrants  are  at  the  same  potential,  i.e.  when  it  is  not 
in  use,  NN  is  made  to  take  up  the  position  of  symmetry,  with  respect 
to  the  quadrants,  shown  in  Fig.  148,  II.  For  the  shape  of  the  needle 
shown,  and  the  fact  that  the  quadrants  are  very  close  together, 
the  field  of  force  produced  inside  the  quadrants  and  acting  on  the 
needle  will  be  very  approximately  uniform  in  and  near  this  zero 
position,  so  that  the  deflection  will  be  very  approximately  proportional 
to  the  P.D.  between  the  two  pairs  of  quadrants.  We  will  now 
consider  in  some  detail  the  somewhat  elaborate  form  of  quadrant 
electrometer  designed  by  Lord  Kelvin  and  made  by  Messrs.  White  of 
Glasgow. 

The  requirements  which  this  instrument  satisfies  are  as  follows  : — 

(1)  A  means  of  maintaining,  varying,  and  indicating  the  electrifi- 
cation of  the  needle. 

(2)  A  means  of  controlling  the  needle,  and  of  ensuring  that  this  is 
constant  with  time  and  use. 


OF  THE 

UNIVERSITY 

OF 
idUFORI 


FIG.  149,  I. 
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(3)  A  means  of  varying  slightly  the  directive  force  of  the  control, 
and  still  ensuring  that  it  remains  constant  afterwards. 

(4)  A  means  of  indicating  the  motions  of  the  needle  accurately. 
The  electrometer,  which  is  largely  used  for  insulation  resistance 

and  other  testing  in  connection  with  cable  work,  etc.,  is  shown  in 
perspective  in  Figs.  150  and  149,  L,  and  in  sectional  elevation  in 

Fig.  149,  II.  The  body  of  the 
instrument  consists  of  an  inverted 
glass  shade,  carried  in  an  outer 
brass  framework  provided  with 
a  number  of  rectangular  aper- 
tures, and  supported  on  three 
ebonite  levelling  screws.  This 
inverted  glass  shade,  or  bell  jar, 
is  coated  externally  with  strips 
of  tin-foil  in  such  a  way  as  to 
leave  openings  or  windows  at 
intervals  through  which  the 
interior  can  be  seen. 

The  foil  is  in  electric  con- 
nection with  the  outer  brass 
framework.  With  strong  sul- 
phuric acid  contained  in  the  jar, 
the  arrangement  constitutes  and 
FIG.  150  is  termed  the  "  Ley  den 'jar"  of 

the  electrometer.     The  acid  not 

only  keeps  the  interior  of  the  jar  dry,  owing  to  its  avidity  for  moisture, 
but,  from  its  being  a  conductor,  it  forms  the  other  coating  of  the 
Leyden  jar. 

The  top  of  the  jar  is  closed  by  a  flat  metal  lid,  which  we  shall 
term  the  "main  cover"  (vide  Fig.  149,  II.),  and  which  carries  the 
whole  mechanism  of  the  instrument.  Visible  on  the  top  of  this  main 
cover  (vide  Figs.  149  and  150)  is  an  ebonite  micrometer  head,  which 
when  turned  causes  one  of  the  quadrant  boxes  to  close  up  to  or  recede 
from  the  others.  This  head,  which  is  finely  graduated  on  its  periphery, 
rotates  past  a  fixed  index  mark,  and  is  seen  slightly  to  the  left  of  the 
front.  On  the  right  of  Fig.  149,  I.  and  II.,  can  be  seen  the  electrode 
or  terminal  of  the  induction  plate,  which  will  be  referred  to  again 
later  on. 

The  head  of  the  repletiisJicr  is  seen  on  the  left  (Figs.  150  and  149, 
I.).  A  circular  spirit-level,  seen  most  clearly  in  Fig.  150  to  the  front, 
is  for  the  purpose  of  carefully  levelling  the  instrument,  so  that  the 
needle  hangs  freely,  and  always  in  the  same  position  relatively  to  the 
quadrants. 

The  two  similar-looking  terminals  (Fig.  150),  seen  above  the  seg- 
ment-shaped glass  top  at  the  back  of  it,  are  the  two  electrodes  of  the 
two  pairs  of  quadrants,  and  that  by  the  side  of  them,  to  the  right,  is 
the  charging  electrode  for  charging  the  needle.  The  former  can  by 
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raising  them  be  disconnected  from  the  quadrants.  The  erection  in 
the  centre  of  the  main  cover  is  called  the  lantern,  and  has  as  seen  a 
segment-shaped  glass  top  and  a  flat  glass  side  (at  the  back)  not  seen. 
Inside  this  is  an  attracting  plate  supported  by  a  glass  stem  (Fig.  149, 
II.),  which  carries  the  mirror  and  needle  by  a  bijilar  suspension. 

In  the  uppermost  portion  of  the  lantern  is  ft&  gauge,  by  means  of 
which  the  potential*  of  the  needle  is  regulated,  and  which  is  really  an 
attracted  disc  electrometer. 

The  four  quadrants  and  the  induction  plate  above  one  of  them  are 
supported  from  the  under  side  of  the  main  cover  by  glass  stems.  The 
needle  previously  mentioned  is  of  the  shape  there  given,  and  is  about 
4  square  cms.  in  area,  and  weighs  about  TV  grm. 

The  Gauge  is  shown  more  in  detail  in  Fig.  151,  I.  Above  the  metal 
attracting  plate  just  mentioned,  in  the  upper  part  of  the  lantern,  which 
plate  is  connected  with  the  needle  electrically,  and  hence  with  the 
inside  of  the  Leyden  jar,  but  insulated  from  all  other  parts  of  the 
instrument,  is  an  arm,  h,  turning  on  a  horizontal  axis,/,  consisting  of 
a  stretched  platinum  wire,/,  supported  by  two  pins  or  bridges,  bb.  The 
lighter  end  consists  of  a  square  plate,  P,  of 
thin  sheet  aluminium,  which  lies  parallel  to  the 
attracting  plate  when  the  arm  //  is  horizontal. 
This  last-named  plate  charges  P  inductively, 
but  with  the  opposite  kind  of  electricity,  and 
therefore  attracts  it.  The  heavier  end  of  the 
arm /terminates  in  a  horizontal  fork,  K,  across 
which  a  fine  hair  is  stretched.  A  white  enamel 
index  fixed  to  the  stand,  and  having  two  dots 
on  it,  projects  up  through  the  fork,  and  both  FlG*  I5I» 

this  and  the  hair,  which  plays  in  front  of  them,  are  observed  through 
a  lens,  L,  just  in  front,  and  seen  in  the  figures.  The  arm  and  dots 
at  the  onset  are  so  adjusted  that  when  the  needle  is  properly  charged, 
the  hair  appears  exactly  midway  between  the  dots.  If  the  needle  is 
overcharged,  P  is  attracted  further  down,  and  closer  to  the  plate  under 
it,  and  the  hair  rises  ;  if,  however,  the  needle  is  insufficiently  charged, 
the  hair  falls. 

Fig.  151,  II.,  shows  the  mirror  and  its  bifilar  suspension,  together 
with  the  circular  attracting  disc  at  the  top. 

^The  Suspension,  which  is  bijilar,  consists  of  two  silk  fibres,  the 
upper  ends  of  which  are  fixed  to  and  wound  round  two  pins,  c  and  d. 
These  may  be  turned  slightly  in  their  sockets  by  a  square  pointed  key 
seen  hanging  at  the  edge  of  the  main  cover  (Fig.  149,  I.)  ;  and  in  this 
way  they  equalize  the  tensions  on  the  two  fibres,  and  at  the  same  time 
adjust  the  height  of  the  needle  so  that  it  is  midway  between  the  upper 
and  lower  surfaces  of  the  quadrants,  a  and  b  are  two  screw  pins 
pivoted  in  blocks  carried  by  the  spring  strips  e  and/.  When,  there- 
fore, a  and  b  are  turned  by  a  key  clockwise,  they  butt  up  against  a 
fixed  plate  at  the  back  of  e  and  f,  and  throw  forward  the  suspending 
pin  c  and  d,  and  the  reverse  is  the  case  when  they  are  screwed  out. 
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In  this  way  the  needle  can  be  given  a  slight  turn  until  it  takes  the 
position  of  symmetry  (Fig.  148,  II.),  the  quadrants  at  the  time  being 
short-circuited  and  earthed,  h  is  a  conical  pin  which  when  pressed 
in  forces  the  plates  to  which  c  and  d  are  separately  fixed  apart,  and  so 
diminishes  the  sensibility  of  the  needle  to  a  deflecting  force.  Any 
adjustment  of  the  distance  between  c  and  d  can  by  this  means  be 
effected  from  ^  inch  to  \  inch.  The  lower  ends  of  the  fibres  are 


FIG.  151,  II 


FIG.  151,  III. 


attached  to  a  cross  or  T-piece  formed  on  the  upper  end  of  a  light  but 
stiff  platinum  wire,  to  which  the  mirror  and  needle  are  rigidly  fixed. 

The  **  Replenisher,"  which  was  devised  by  Lord  Kelvin,  is  for  the 
purpose  of  maintaining  the  charge  of  the  needle  ;  in  other  words,  to 
supply  what  portions  of  the  charge  are  lost  by  leakage,  and  thus 
maintain  the  hair  of  the  gauge  midway  between  the  dots. 

It  is  an  accumulating  influence  machine  which  builds  up  potential 
on  what  is  usually  termed  "the  compound  interest  law?  Fig.  151, 
III.,  shows  this  Thomson  replenisher  in  perspective,  and  Fig.  152 
symbolically  in  plan.  Two  brass  carriers,  C  and  D,  are  fixed  eccen- 
trically to  an  ebonite  arm,  carried  by  the  vertical  ebonite  spindle  E 
(Fig.  151,  III.),  which  can  be  rotated  by  the  milled  ebonite  head  M. 
A  and  B  are  two  inductors,  and  S,  S'  two  springs  connected  by  a 
wire,  M  (Fig.  152),  and  which  touch  C  and  D  as  they  rotate.  In 
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Fig.  151,  III.,  S,  S'  are  connected  by  the  brass  strip  M,  which  passes 
round  the  edge  of  the  ebonite  centre  plate  P,  which  carries  the  lower 
bearing  of  E.  Fig.  151,  III.,  shows,  without  need  of  further  explana- 
tion, how  the  various  parts  are  disposed  and  supported. 

The  action  is  as  follows  :  When  the  carriers  C,  D  simultaneously 
touch  S,  S',  any  charges  they  contained  neutralize,  and  the  next  instant 
they  are  acted  on  inductively  by  the  charges  in  the  inductors  A  and  B  ; 
and  on  touching,  j,  s'  part  with  their  charges  to  A  and  B,  and  in  this 
way  the  charges  on  A  and  B  rapidly  accumulate. 

In  practice  there  is  always  a  sufficiently  large  P.D.  between  A  and  B 
to  start  the  action  on  turning  the  spindle  E.  To  avoid,  however, 
A  and  B  losing  the  greater  part  of  their  charge,  when  the  replenisher 


FIG.  152. 

is  not  in  use,  by  touching  C  and  D  accidentally,  the  milled  head  M  is 
prevented  from  turning  by  a  pin  fixed  to  the  head  H,  catching  a  hole 
in  M  when  H  is  turned  to  a  certain  position.  When  H  is  again  turned 
slightly,  the  pin  disengages  from  M,  which  is  therefore  free  to  revolve. 
H  is  lightly  locked  in  one  or  other  of  two  positions  by  a  spring,  K, 
pressing  on  a  flat  formed  on  H.  In  one  position  H  locks  M  in  turn, 
and  in  the  other  it  does  not. 

With  the  bell  jar  constructed  of  good  glass,  carefully  washed  with 
distilled  water  and  dried  thoroughly  before  the  pure  sulphuric  acid  is 
put  in,  the  Leyden  jar  can  be  made  to  insulate  so  well  as  not  to  lose  so 
much  as  I  per  cent,  of  its  charge  in  the  course  of  24  hours,  and  quite 
a  few  turns  of  the  replenisher  will  supply  a  much  greater  loss  than  this 
usually  in  a  few  moments. 
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The  Induction  Plate  is  an  addition  to  the  electrometer  proper,  for 
the  purpose  of  enabling  P.D.'s  up  to  say  100  volts  to  be  measured. 
As  with  the  ordinary  arrangement,  where  the  P.D.  is  placed  directly 
across  the  quadrants,  the  instrument  is  so  sensitive  that  E.M.F.'s  not 
greater  than  5  volts  only  can  be  dealt  with.  The  use  of  the  induction 
plate  diminishes  the  sensibility  considerably.  Referring  to  Fig.  153, 
I  is  the  induction  plate  insulated  and  carried 
by  a  glass  stem  or  rod,^,  fixed  to  the  under  side 
of  the  main  cover  M,  as  shown.  It  is  connected 
with  the  brass  terminal  or  electrode  E  by  a 
wire  passing  up  through  the  centre  of  the 
ebonite  pillar  that  carries  E.  The  plate  I  is 
placed  directly  over  one  of  the  quadrant  boxes 
Q.  If  now  it  is  required  to  measure  a  P.D. 
too  high  for  the  ordinary  arrangement,  E  is 
used  for  one  electrode  instead  of  the  electrode 


p.  making   contact  with  the  particular   quadrant 

under  I,  the  latter  electrode  being  raised  out  of 

contact  with  that  pair  of  boxes.  Thus  the  potential  of  these  latter  is 
only  that  induced  by  I,  and  is  therefore  considerably  less  than  that  of 
the  body  under  test  depending  on  the  distance  of  I  from  Q. 

The  needle  is  connected  with  the  inner  coating  of  the  jar  by  an 
attached  platinum  wire,  which  passes  down  a  wide  protecting  tube  and 
dips  into  the  acid.  A  small  platinum  weight  is  fixed  to  the  end,  and 
is  completely  immersed,  and  acts  as  a  damper  to  the  motions  of  the 
needle.  A  small  brass  arm,  attached  to  a  vertical  axis  passing  through 
the  main  cover,  can  by  its  milled  head  on  the  top  be  turned  so  as  to 
touch  the  quadrant  under  the  induction  plate,  and  so  discharge  it. 


Electrometer  Reversing  and  Short = circuiting  Key. 

Some  special  form  of  "  reversing  and  short-circuiting  "  key,  having 
a  high-insulation  resistance,  must  be  employed  when  using  an  electro- 
meter. Fig.  154  show  the  general  form,  and  Fig.  155  the  connections 
of  the  one  devised  by  Lord  Kelvin,  a,  b,  c,  and  d  are  brass  studs,  each 
connected  with  a  terminal.  Only  two  of  these  terminals,  Tj  and  T2, 
which  are  connected  to  a  and  <£,  are  shown  ;  those  joined  to  c  and  d  are 
at  the  back  of  the  key.  To  a  and  b  are  attached  two  brass  strip  springs, 
s.2  and  s4)  capable  of  pressing  at  the  same  time  against  a  brass  stud,  /, 
joined  to  d.  Two  other  strip  springs  of  brass,  sl  and  J3,  connected 
together  and  to  ^,  just  clear  s2  and  s4  when  these  latter  both  press 
against^.  An  eccentric  or  tail-shaped  piece  of  ebonite,  E,  is  capable 
of  turning  on  a  pin  when  the  ebonite  arm  A  (to  which  it  is  fixed),  ter- 
minating in  the  ebonite  handle  //,  is  raised  or  lowered.  In  Fig.  155,  if  h  is 
raised  to  mark  2,  E  presses  s±  outwards  and  into  contact  with  s3 ;  while 
if  lowered  to  mark  i,  s.2  is  forced  out  into  contact  with  sl}  and  ^  returns 
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to  contact  with/.  It  will  be  noticed  that,  owing  to  the  cams  being  in 
exactly  opposite  positions  in  Figs.  154  and  155,  as  seen,  the  contacts 
between  the  two  pairs  of  springs  will  be  made  in  just  the  reverse  order 


FIG.  154. 


FIG.  155. 


to  that  mentioned  in  the  key  (Fig.  155),  when  //  is  moved  up  or  down. 
The  key  is  used  as  follows  in  practice  :— 

Connections  to  Key.  —  a  and  b,  i.e.  Tx  and  T2,  are  joined  to  the  two 
terminals  of  the  two  pairs  of  quadrants  of  the  electrometer,  of  which 
we  will  suppose  that  the  pair  of  quadrants  joined  to  b  is  also  to  case, 
and  therefore  earthed,  c  and  d  are  joined  to  the  positive  and  negative 
poles  respectively  of  the  battery. 

Action  of  Key.  —  («)  With  h  at  O,  a  and  b  are  short-circuited 
through  /,  and  are  both  earthed,  thereby  completely  discharging  tlie 
quadrants  while  the  battery  is  on  open  circuit. 

(jB)  With  h  pressed  to  i,  s2  breaks  contact  with  /  and  makes 
contact  with  sl  ;  therefore  the  positive  battery  is  joined  to  T,,  and  the 
negative  battery  to  T2  and  to'  earth. 

(7)  With  h  raised  to  2,  s2  makes  and  s4  breaks  contact  with  /, 
and  s3  and  s4  are  connected  ;  therefore  the  positive  battery  is  joined  to 
T2,  and  the  negative  battery  to  Tr 

Thus  in  moving  h  from  I  to  2,  the  quadrants  are  charged,  then 
shorted,  and  trien  charged  in  the  reverse  sense. 

It  may  here  be  convenient  and  advisable  to  note  the  relation 
existing  between  the  deflection  D  of  the  spot  of  light  on  the  scale  and 
the  potentials  of  the  various  parts  of  the  electrometer.  Let  V,,  V2 
be  the  respective  potentials  of  the  two  pairs  of  quadrants  above  that 
of  the  framework  (earth)  of  the  instrument,  and  V  that  of  the  needle 
above  earth.  Then  we  have— 


From  which  we  see  that  D  becomes  greater,  i.e.  the  electrometer  more 
sensitive,  as  V,  the  potential  of  the  needle,  gets  greater. 
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There  are  two  principal  methods  or  ways  of  using  an  electrometer. 

(a)  "  Idiostaticaily"  i.e.  with  the  needle  not  charged  to  any  separate 
or  independent  potential,  but  connected  metallically  to  one  pair  of 
quadrants.     In  this  case  V  =  Vt  (suppose) ; 

.'.  D  oc  (V!  -  V2)(V,  -  W1  -  W,) 

cc  (V,  -  ¥,)(¥,  -  V2)i 
/.  D  cc  if(V1  -  V2)2 (2) 

Hence  the  deflection  is  proportional  to  the  square  of  the  P.D.  between 
the  quadrants. 

(b]  "  Heterostatically?  i.e.  with  the  needle  charged  to  a  separate  and 
independent  high  potential  when  equation  (i)  gives  the  relation  which 
exists.     In  this  case  it  can  be  seen  that  if  V  is  very  large  compared 
with  Y!  or  V2,  that  (V  —  ^(V1  4-  V2)}  will  be  very  nearly  the  same  as  V. 

/.  D  oc  (Vj  -  V2)V 

Hence  the  deflection  in  this  case  is  proportional  to  the  P.D.  (simply) 
between  the  quadrants,  assuming  V  to  remain  constant. 


The  Quadrant  Electrometer. 

The  following  are  the  directions  for  the  adjustment  and  use  of  the 
quadrant  electrometer,  drawn  up  by  W.  Leitch : — 

I.  Short  Directions  for  placing  and  using  an  Electrometer 

already  adjusted  (sect. 
i-io). — i.  Set  down  the  in- 
strument where  it  is  to  be 
used,  and  put  in  the  pre- 
pared sulphuric  acid  accord- 
ing to  the  directions  in  sect. 

14- 

2.  Twist    a    fine    copper 
wire  round  the  charging  rod 
C,  fasten  it  by  the  clamping 
screws  to  the  two  chief  elec- 
trodes A  and  B,  to  the  elec- 
trode   D   of    the    induction 
plate,  and  to  one  of  the  bind- 
ing screws   on   the  cover  of 
the  jar.      Put   the   charging 
rod  in  connection  by  raising 
it  slightly  and  turning  it  in 
the  direction  of   the    hands 
of  a  watch. 

3.  Level  the    instrument 
by  means  of  the  circular  spirit-level  fixed  on  the  cover,  and  see  that 
the  needle  lies  symmetrically,  as  represented  in  Fig.  148,  II. 


Apparatus.  301 

to 

4.  Place  the  scale  at  the  proper  distance,  and  so  that  the  reflected 
image  of  the  wire,  which  is  stretched  vertically  before  the  light,  may 
stand  at  the  middle  of  the  scale.     The  two  ends  of  the  scale  should 
be  equally  distant  from  the  centre  of  the  mirror.    [The  proper  distance 
between  the  mirror  and  the  scale  depends  on  the  curvature  of  the 
mirror,  and  is  found  experimentally  for  each  instrument  by  observing 
what  distance  gives  the  best-defined  image  of  the  stretched  wire  upon 
the  scale.     A  note  of  this  distance  is  sent  along  with  the  instrument.] 
The  instrument  and  scale  should  always  stand  in  this  relative  position, 
that  is,  with  the  reflected  image  in  the  middle  of  the  scale  when  all 
electrical  disturbance  has  been  guarded  against. 

5.  Now  charge  the  jar  through  C,  previously  disconnected  from 
the  wire,  which  must  still  connect  the  electrodes  with  the  cover.     [The 
charge  may  be  put  in  by  an  electrophorus,  an  electrical  machine,  a 
Leyden  jar  charged  from  a  machine,  or  any  source  from  which  a  small 
positive  charge  may  be  obtained.     It  is  found  that  a  positive  charge 
is  less  liable  to  be  dissipated  from  the  sharp  edges  of  the  needle  than 
a  negative.] 

6.  When  the  proper  potential  has  been  reached,  it  is  indicated  by 
the  hair  of  the  aluminium  balance  rising.     Use   the  replenisher  to 
adjust  the  charge  exactly,  so  that  the  hair  may  stand  between  the 
black  spots  when  observed  through  the  lens.    When  the  lever  carrying 
the  hair  is  at  either  extremity  of  its  range,  it  is  apt  to  adhere  to  the 
stop.     In  using  the  replenisher  to  bring  it  from   either   limit,  it  is 
necessary  to  free  it  from  the  stop  by  tapping  the  cover  of  the  jar  with 
the  fingers. 

7.  If  the  charge  has  caused  the  reflected  image  to  be  deflected 
from  the  middle  of  the  scale,  it  may  be  brought  back  to  that  position 
by  turning  the  micrometer  screw  which  moves  the  fourth  quadrant,  and, 
if  necessary,  sliding  out  or  in  one  or  more  of  the  other  quadrants,  and 
the  instrument  is  ready  for  use. 

8.  The  small  percentage  of  the  charge  lost  from  day  to  day  may  be 
recovered  by  using  the  replenisher. 

9.  In  using  the  instrument  to  measure  a  small  difference  of  poten- 
tials, such  as  that  of  the  opposite  poles  of  a  single  DanielFs  cell,  the 
poles  are  connected  with  the  studs  of  a  key,  from  the  springs  of  which 
wires  are  led  to  the  two  chief  electrodes  A  and  B.     The  wire  led  to  A 
is  also  connected  with  one  of  the  binding  screws  on  the  cover  of  the 
jar,  and  that  led  to  B  is  led  also  to  the  electrode  D  of  the  induction 
plate.     When  the  key  is  put  down,  the  image  will  be  deflected  over  a 
number  of  scale  divisions  proportional  to  the  difference  of  potentials 
to  be  measured  ;  on  reversing  the  key,  an  equal  deflection  should  take 
place  in  the  opposite  direction. 

10.  To  measure  a  much  greater  difference  of  potentials,  such  as 
that  of  the  opposite  poles  of  a  battery  of  thirty  cells,  the  connections 
are  the  same,  except  that  the  electrode  B  is  raised  from  the  quadrant 
beneath  it.    If  the  act  of  disconnecting  the  electrode  from  the  quadrant 
should  induce  a  charge  in  the  latter  indicated  by  a  deflection  of  the 
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image,  the  quadrant  is  to  be  earthed  by  making  contact  with  the 
disinsulator  situated  behind  the  lantern  and  beside  the  circular  level  ; 
the  milled  vulcanite  head  of  the  disinsulator  is  to  be  turned  so  that 
the  small  pin  projecting  horizontally  from  it  may  point  to  the  letter 
"  C "  ('connect)  engraved  on  the  cover.  This  being  done,  the  image 
will  be  brought  back  to  its  proper  position  of  rest,  and  the  quadrant 
must  be  insulated  again  by  turning  back  the  disinsulator  to  the  position 
"D"  (disconnect).  With  this  arrangement  differences  of  potential, 
corresponding  to  about  a  hundred  cells  and  under,  will  give  deflections 
within  the  limits  of  the  scale. 

II.  Method  of  Adjustment. — At  present  all  the  quadrant  electro- 
meters made  are  adjusted  and  tested  in  the  laboratory  of  the  works 
before  being  sent  to  their  destinations.  The  following  is  the  pro- 
cess of  adjustment,  which  it  may  possibly  be  necessary  to  repeat 
at  the  place  where  the  instrument  is  to  be  used,  in  the  event  of  the 
adjustment  being  disturbed  during  transit. 

11.  In  the  small  pasteboard  box  which  accompanies  the  instru- 
ment will  be  found  two  square   pointed  keys,  a  brass  guard  tube  with 
a  narrow  neck,  and  a  fine  platinum  wire  with  a  small  loop  at  one  end 
and  a  small  platinum  weight  at  the  other.     The  wire  and  tube  must 
be  placed  in  their  proper  position    in  the  instrument.     Take  out  the 
screws  numbered  5,  6,  and  7,  which  fasten  the  cover  of  the  jar.     The 
cover  being  lifted  off,  and  held  in  the  hand  of  an  assistant,  or  properly 
supported  about  18  inches  above  the  table,  it  will  be  observed  that  the 
stiff  platinum  wire  to  which  the  needle  is  attached  just  appears  below 
the  narrow  guard  tube  enclosing  it,  in  the  centre  of  the  quadrants,  and 
terminates  in  a  small  hook.     The  loop  at  the  end  of  the  fine  platinum 
wire  is  to  be  slipped  over  this  hook,  so  that  the  fine  wire  and  weight 
may  hang  from  it.     The  wide  guard  tube  found  in  the  box,  when  in  its 
proper  position,  forms  a  continuation  of  the  upper  guard  tube,  so  as  to 
enclose  the  fine  platinum  wire  just   suspended.     It  must  therefore  be 
passed  upwards  over  the  suspended  wire,  and  neck  foremost,  until  the 
neck  embraces  the  lower  part  of  the  upper  guard  tube,  where  it  must 
be  fixed  by  the  pin  which  is  observed  screwed  into  the  latter  ;  this  pin 
is  to  be  screwed  out  by  means  of  one  of  the  square-pointed  keys  fitting 
the  square  hole  in  its  head,  and  screwed  into  its  place  again  after 
passing  through  the   small  hole  made  for  the  purpose  in  the  neck 
of  the  lower  guard  tube.     This  being  done,  replace  and  fasten  the 
cover. 

12.  Lift   off   the   lantern,    after   taking   out    the  two   screw  pins 
numbered  3  and  4,  which  fasten  it  to  the  cover,  and  ascertain  whether 
the  four  quadrants   are  hanging  properly  in  their  places,  with  their 
upper  surfaces  in  one  horizontal  plane  when  the  instrument  has  been 
levelled  according  to  the  indication  of  the  circular  spirit-level  on  the 
cover  of  the  jar.     It  will  be  observed  that  the  needle  and  mirror  have 
been  secured  during  transit  by  a  pin  passing  through  the  ring  in  the 
platinum  wire  just  above  the  guard  tube,  and  screwed  into  the  brass 
plate  behind.     Screw  out  this  pin  with  the  long  steel  square-pointed 
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key,  remove  it  carefully  upon  the  point  of  the  key,  and  screw  it  into  the 
hole  made  for  it  in  the  cover,  just  behind  the  main  glass  stem.  The 
needle  will  now  hang  by  the  fibres. 

1 3.  The  two  quadrants  in  front  of  the  mirror  should  now  be  drawn 
outwards  from  the  centre  as  far  as  the  slots  allow,  by  sliding  outwards 
the  screws  from  which  they  hang,  and  which  project  above  the  cover 
of  the  jar  with  their  nuts  resting  upon  flat  oblong  washers.     A  better 
view  will  thus  be  obtained  of  the  needle.     Its  surfaces  ought  to  be 
parallel  to  the  upper  and  under  surfaces  of  the  quadrants,  and  midway 
between  them.     This  will  be  best  observed  by  looking  through  the 
glass  of  the  jar  just  below  the  rim.     If  the  needle  requires  to  be  raised 
or  lowered,  it  is  done  by  winding  up  or  letting  down  the  suspending 
fibres,  that  is,  by  turning  the  proper  way  the  small  pins  c,  d.      The 
suspending  wire  which  passes  through  the  centre  of  the  needle  should 
also  be  in  the  centre  of  the  quadrants.    This  is  best  observed  when  the 
quadrants  have  been  moved  to  their  closest  position,  as  in  Fig.  148,  II. 
The  fourth  quadrant  is  moved  out  or  in  by  the  micrometer  screw  with 
the  graduated  disc  overhanging  the  edge  of  the  cover.     A  deviation  of 
the  suspending  wire  from  its  proper  central  position,  if  in  the  direction 
perpendicular  to  the  mirror,  may  be  corrected  by  means  of  the  small 
screws  a,  b  ;  by  screwing  these  inwards,  that  is,  as  the  hands  of  a 
watch  move,  the  points  of  suspension  are  brought  forward  towards  the 
operator,  and  vice  versa.     A  deviation  in  the  transverse  direction  it 
may  not  be  possible  to  correct  otherwise  than  by  sliding  back  the 
quadrants  to  which  it  is  nearest.    It  will  be  observed  while  turning  the 
screws  a,  b,  that  the  mirror  and  needle  turn  through  an  angle  while 
only  one  of  the  screws  is  being  turned,  and  that  it  is  by  this  means 
that  the  needle  is  made  to  lie  in  the  proper  direction,  that  is,  with  the 
black  line  on  the  top  parallel  to  the  transverse  slit  made  by  the  edges 
of  the   quadrants,   when   these   are    symmetrically  arranged,   as   in 
Fig.  148,  II. 

14.  The  sulphuric  acid  may  now  be  put  into  the  jar.     For  this 
purpose  the  strongest  sulphuric  acid  of  commerce  is  to  be  boiled,  with 
some  crystals  of  sulphate  of  ammonia  added,  in  a  florence  flask,  sup- 
ported on  a  retort  stand  over  a  jet  of  gas  or  other  convenient  source 
of  heat.     It  is  recommended  to  boil  under  a  chimney,  so  that  the 
noxious  fumes  rising  from  the  acid  may  escape.     To  guard  against 
the  destructive  effects  of  the  acid  in  the  event  of  the  flask  breaking  by 
the  heat,  there  should  be  placed  beneath  it  a  broad  pan  filled  with 
ashes,  or  it  should  stand  above  a   fireplace  containing  a  sufficient 
quantity  of  cold  ashes.     A  little  sand  put  into  the  flask  will  lessen  the 
risk  of  breaking.     The  object  of  boiling  the  acid  is  to  expel  the  volatile 
acid  impurities,  which  will  otherwise  impregnate  the  air  inside  of  the 
jar  and  tarnish  the  works.     When  cool,  the  acid  may  be  poured  into 
the  jar  through  a  glass  filler  with  a  long  stem  inserted  through  the 
tube  F,  whose  cover  screws  off.     The  stem  of  the  filler  should  reach 
the  bottom  of  the  jar,  to  avoid  splashing  upon  its  sides  or  upon  the 
works.     The  stem  should  also  pass  through  a  wider  tube  which  does 
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not  reach  the  acid,  in  order  that  it  may  be  drawn  out  without  touching 
the  brass  after  it  has  been  wetted  by  the  acid.  The  acid  may  be 
poured  in  till  the  surface  is  about  an  inch  below  the  lower  end  of  the 
wide  brass  tube  which  hangs  down  the  middle  of  the  jar.  It  must  at 
least  reach  the  three  platinum  wires  hanging  from  the  works.  If  tubes 
suitable  for  filling  in  this  manner  cannot  be  obtained,  the  screws  5,  6, 
and  7  may  be  taken  out,  and  the  cover  removed  by  lifting  it  vertically 
upwards  till  everything  hanging  from  it  is  clear  of  the  jar.  The  cover 
being  held  by  a  careful  assistant,  or  supported  on  a  suitable  stand,  so 
that  the  wires  may  hang  freely,  the  acid  may  be  poured  into  the  jar  in 
any  way  that  can  be  trusted  to  cause  no  splashing,  and  to  leave  the 
sides  of  the  jar  untouched. 

15.  When  the  acid  has  been  put  in  (and  the  works  replaced  if  they 
have  been  removed),  verify  the  adjustment  of  the  needle  to  lie  as  re- 
presented in  Fig.  148,  II.,  the  instrument  being  levelled,  and  all  electrical 
influence   guarded  against   by   the   connecting   wire,    as  directed  in 
sect.  2.     Place  the  scale  and  charge  the  jar,  as  directed  in  sects.  4,  5, 
6,  and  7. 

1 6.  The  charge   sometimes   suffers   loss  by  shreds  inside  of  the 
quadrants  drawing  it  from  the  needle.     It  should  be  ascertained  now 
whether  this  is  taking  place.     Insulate  alternately  each  pair  of  quad- 
rants by  raising  the  corresponding  electrode,  while  the  other  pair  are 
connected  through  their  electrode  with  the  cover.     If  the  reflected 
image  in  either  case  keeps  moving  slowly  along  the  scale — for  instance, 
over  twenty  scale  divisions  in  half  an  hour,  the  charge  in  the  jar  being 
at  the  same  time  kept  constant  by  the  use  of  the  replenisher  if  neces- 
sary— the  insulated  pair  of  quadrants  is  receiving  a  charge  from  the 
needle.     In  that  case  the  inside  of  the  quadrants  may  be  brushed 
with  a  light  feather,  after  sliding  them  outwards  as  far  as  the  slots 
allow  and  securing  the  needle  in  the  position  in  which  it  was  fixed  in 
during  transit,  care  being  taken  not  to  press  upon  the  needle  so  as  to 
bend  it  or  the  suspending  wire.     Without  securing  the  needle,  each 
quadrant  may  be  drawn  outwards  and  brushed,  while  the  needle  is 
deflected  away  from  it  by  the  screws  «,  <£,  or  by  any  obvious  means  of 
keeping  the   needle   deflected,    care   being   taken   not   to    strain  the 
fibres. 

17.  Another  possible  source  of  loss  of  charge  is  want  of  insulation 
by  the  main  glass  stem.    If  the  percentage  of  the  charge  lost  from  day 
to  day  be  so  considerable  as  to  require  much  use  of  the  replenisher  to 
recover  it,  the  glass  stem  should  be  cleaned  with  a  wet  sponge,  rubbed 
with  soap  at  first,  or  with  a  piece  of  hard  silk  ribbon,  wet  and  soaped 
at  first,  then  simply  wet  with  clean  water,  which  may  be  drawn  round 
the  stem  to  clean  every  part  of  it.     The  ribbon,  being  dried  before  a 
fire,  may  be  used  in  the  same  manner  to  dry  the  stem. 

1 8.  The  instrument  being  in  position  before  the  scale  and  charged 
as  in  sect.  15,  make  the  connections  described  in  sect.  9,  with  a  single 
cell,  and  proceed  to  test  the  symmetrical  suspension  of  the  needle  by 
the  fibres.     The  conditions  sought  to  be  realized  are,  that  in  the  level 
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position  of  the  instrument  the  needle  may  hang  with  equal  strain  on 
the  two  fibres,  and  in  a  symmetrical  position  with  regard  to  the  four 
quadrants.  It  is  plain  that  if  these  conditions  be  fulfilled  the  deflection 
produced  by  the  same  electric  force  in  the  level  position  of  the  instru- 
ment will  be  less  than  it  will  be  in  any  position  of  the  instrument 
which  throws  the  greater  part  of  the  weight  on  one  fibre,  or  brings  the 
needle  nearer  to  any  part  of  the  inner  surface  of  the  quadrants  than 
it  is  in  its  symmetrical  position,  which  is  its  position  of  greatest 
distance  from  all  the  quadrants.  Compare  the  deflections  produced 
upon  the  scale  by  the  single  cell,  while  the  instrument  is  set  at  different 
levels  by  screwing  one  or  more  of  the  three  feet  on  which  it  is  sup- 
ported. At  each  observation  note  the  extreme  range  or  difference  of 
readings  got  by  reversing  the  key.  If  the  range  diminishes  as  one 
side  of  the  instrument  is  raised,  the  suspending  fibre  on  that  side  must 
be  drawn  up,  by  turning  very  slightly  the  small  pin  c  or  d,  round  which 
it  is  wound,  and  another  series  of  observations  taken  in  the  same 
manner,  beginning  with  the  instrument  levelled.  Instead  of  drawing 
up  one  fibre,  the  other  may  be  let  down,  to  keep  the  needle  midway 
between  the  upper  and  under  surfaces  of  the  quadrants  ;  and  after  each 
alteration  of  the  suspension,  it  will  be  necessary  to  readjust  the  screws 
a,  b,  to  make  the  needle  hang  as  in  Fig.  148,  II.,  when  undisturbed  by 
electricity.  It  will  be  observed  also  that  the  charge  of  the  jar  is  lost 
by  touching  these  screws,  unless  the  insulated  key  is  used.  They  are 
reached  without  taking  off  the  lantern  by  screwing  out  the  vulcanite 
plug  in  the  glass  window  in  front  of  them. 

19.  In  deflecting  the  instrument  much  from  its  level  position  the 
guard  tube  may  be  brought  into  contact  with  the  wire  hanging  from 
the  needle,  and  the  movements  of  the  latter  thus  interfered  with  by 
friction.     When  the  needle  vibrates  freely,  it  will  be  observed  that  the 
image  comes  to  rest  in  any  position  to  which  it  may  be  deflected,  after 
vibrating  with  constant  period  and  gradually  diminishing  range  on 
each  side  of  this  position  of  rest.     The  occurrence  of  friction  is  shown 
by  the  needle  coming  to  rest  abruptly,  or  vibrating  more  quickly  than 
proper.     The  reading  obtained  in  these  circumstances  is,  of  course, 
of  no  value.     The  quicker  vibrations  obtained  in  using  the  induction 
plate,  as  in  sect.  10,  must  not  be  mistaken  for  vibrations  indicating 
friction,   from    which    they  may  be    ea'sily    distinguished   by  their 
regularity. 

20.  If,   as  may  possibly  happen,   the  process   of  observing  the 
deflections  at  different  levels,  and  drawing  up  the  fibre  on  that  side 
which  is  being  raised  while  getting  less  sensibility,  should  only  lead 
the  operator  to  draw  up  one  fibre  till  it  bears  the  whole  weight,  while 
the  other  is  seen  to  hang  loosely,  he  should  adjust  them  as  nearly  as 
he  can  by  the  eye  to  bear  an  equal  share  of  the  weight,  and  examine 
the  position  of  the  needle  by  looking  through  the  glass  of  the  jar  just 
below  the  rim,  the  two  quadrants  in  front  of  the  mirror  being  drawn 
out,  and  the  lantern   taken  off  to  let    in  plenty  of  light.     He  will 
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probably  find  that  the  needle  leans  slightly  downwards  relatively  to  the 
quadrants  on  that  side  which  he  was  drawing  up  while  getting  smaller 
deflections.  To  correct  this  is  a  delicate  operation,  which  should  only 
be  attempted  by  a  very  careful  operator.  Though  perfect  symmetry 
of  suspension  is  aimed  at,  it  is  not  essential  to  the  utility  of  the  instru- 
ment. If  it  be  desired  to  make  the  correction,  first  secure  the  needle 
as  during  transit  ;  take  off  the  cover,  and,  while  it  is  held  by  a  careful 
assistant,  or  properly  supported  in  a  position  in  which  it  may  be 
levelled,  remove  the  lower  guard  tube  (the  wide  brass  tube  hanging 
down  the  centre),  after  screwing  out  the  small  pin  in  its  neck.  It  will 
be  observed  that  the  upper  and  narrower  guard  tube  consists  of  two 
semi- cylindrical  parts  united.  The  part  in  front  may  now  be  removed 
by  taking  out  the  two  screws  which  fasten  it  at  the  top,  and  the 
platinum  wire  which  carries  the  needle  may  be  examined.  If  it  has 
got  bent  it  must  be  straightened  ;  if  not,  it  may  be  bent  carefully  just 
above  the  needle,  so  as  to  raise  that  end  of  the  needle  which  was 
observed  to  hang  lowest.  If  the  cover  be  supported  so  that  it  may  be 
levelled,  the  needle  may  be  set  free,  and  the  operator  may  observe 
whether  he  has  succeeded  in  making  it  hang  parallel  to  the  surfaces 
above  and  below  it.  The  needle  must  not,  however,  be  allowed  to 
hang  by  the  fibres  while  bending  the  platinum  wire,  or  while  removing 
or  replacing  the  guard  tubes. 

21.  The  works  being  replaced,  the  process  of  observing  the  deflec- 
tions at  different  levels  and  adjusting  the  tension  of  the  fibres,  as 
described  in  sect.  18,  should  be  repeated,  with  the  view  of  getting 
minimum  sensibility  in  the  level  position. 

22.  The  two  unoccupied  holes  bored  through  the  cover  and  flange 
of  the  jar  are  intended  to  receive  the  square-pointed  keys  when  not  in 
use. 


Resistances. 

These  may  be  divided  into  two  main  classes,  viz.  (i)  accurately 
known  resistances  of  either  fixed  or  variable  amounts,  and  suitable  for 
standard  and  other  purposes  ;  (2)  unknown  resistances  of  either  fixed 
or  variable  values,  and  generally  used  for  larger  current  work,  which 
may  more  properly  be  termed  "  rheostats." 

Little  here  need  be  said  of  this  latter  class,  but  it  may  be  remarked 
that  in  almost  all  cases  such  rheostats  should  be,  and  usually  are, 
constructed  so  as  to  obtain  a  continuous  variation  of  resistance  either 
very  gradually  or  in  definite  amounts,  at  a  step  from  the  maximum  to 
o  without  breaking  the  circuit  in  which  they  are  placed.  The  first- 
named  class  is,  however,  a  very  important  one,  and  embraces  fixed 
invariable  resistances  of  low,  medium,  and  high  values,  which  are 
accurately  known  at  a  certain  temperature,  and  in  addition  standard 
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adjustable  resistances  of  known  values  in  the  form  of  plug  or  switch 
resistance  boxes.  For  very  accurate  work  the  plug  form  is  the  best, 
unless  high  resistances  with  well -fitted  switches  are  used,  when  any 
extra  unknown  contact  resistance  is  quite  negligible  compared  with 
that  in  use  in  the  coil. 

Up  to  1884  the  unit  of  resistance,  in  terms  of  which  all  standards 
were  made,  was  (and  still  is  called)  the  British  Association  or  "  B.A. 
unit."  In  that  year  a  legal  unit  of  resistance  was  settled  on  by  the 
International  Electrical  Congress  at  their  meeting  in  Paris,  and  was 
defined  to  be  that  of  a  column  of  pure  mercury  106  cms.  long,  I  sq. 
mm.  in  sectional  area  at  o°  C,  the  small  additional  decimal  required 
to  be  added  for  exactitude  being  left  to  stand  over  for  further  investi- 
gation. The  true  value  has,  by  laborious  and  lengthy  testing,  been 
recently  found  and  defined  as  the  legal  standard  of  resistance  by 
Order  in  Council  to  be  106-243  cms.,  and  is  called  the  "  Board  of 
Trade  True  Ohm,"  which  may  be  abbreviated  to  B.T.O.  Hence  we 
have — 

i  B.T.O.  =  1*01358  B.A.  units 
i  B.A.U.  =  0-9866  B.T.O. 

This  B.T.O.  is  the  unit  of  resistance  which  has  been  agreed  to 
by  the  Governments  of  France,  Germany,  and  the  United  States,  and 
there  is  every  reason  to  suppose  that  it  is  an  extremely  close  approxi- 
mation to  io9  C.G.S.  units,  and  it  is  highly  improbable  that  it  will 
ever  be  altered  again.  It  is  the  only  unit  which  has  as  yet  been 
legalized. 

All  new  boxes  are  standardized  in  terms  of  this  last  unit,  the 
B.T.O.  But  many  of  the  older  ones  are  in  terms  of  the  B.A.U.  and 
previous  ohm,  hence  it  is  of  importance  in  accurate  work  to  know  and 
correct  for  any  differences  so  introduced. 


Carbon  Plate  Rheostat. 

A  form  of  non-inductive  rheostat  that  will  be  found  very  convenient 
and  useful  in  experimental  work  which  is  suitable  for  currents  ranging 
up  to  about  io  or  12  amps,  is  shown  in  Fig.  156.  It  merely  consists 
of  a  pile  of  flat  carbon  plates  (hard  gas-retort  carbon  being  most 
suitable  for  the  purpose)  arranged  horizontally  so  that  they  can  be 
compressed  in  a  rectangular  box  by  means  of  the  milled-headed  screw 
seen  at  the  right-hand  end.  This  works  in  a  metal  bush  screwed  to 
the  end  of  the  box,  and  its  end  presses  up  against  a  flat  iron  plate 
so  as  not  to  crack  the  carbon  plates.  The  two  terminals  shown  are 
connected  respectively  to  the  bush  and  the  plate  at  the  other  end  of 
the  pile.  It  is  convenient  also  to  have  a  loose  plate  of  brass,  con- 
taining a  third  terminal,  for  inserting  at  any  point  of  the  pile  so  as 
to  pick  off  any  fraction  of  the  full  resistance.  A  fine  graduation  of 
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resistance  can  be  obtained  with  such  a  carbon  rheostat  from  a 
maximum  resistance,  when  the  plates  are  loose  to  a  minimum  when 
they  are  compressed. 


FIG.  156. 


Non-inductive  Wire  Rheostat. 

A  non-inductive  wire-wound  rheostat  for  continuously  varying  the 
resistance  without  appreciable  jumps  is  shown  in  Fig.  157.  It  consists 
of  a  split  slate  cylinder  carried  by  two  iron  end  standards  having 

projecting  lugs  at  the  top, 
between  which  latter  two 
parallel  metal  rods  are  fixed. 
The  cylinder,  which  is  doubly 
wound  with  suitable  bare  re- 
sistance wire  in  shallow 
grooves  round  its  periphery, 
and  connected  to  the  two 
terminals  on  the  base,  is  split 
in  a  horizontal  plane,  and  the 
bottom  part  takes  up  any 
slack  in  the  wire  due  to  ex- 
pansion on  warming.  The 

winding  starts  at  one  end  and  goes  to  the  other,  and  then  back  again. 
The  terminal  resistance  is  varied  by  a  spring  contact  block,  which 
slides  along  the  guide  rods  at  the  top,  and  short-circuits  the  turns  as 
required.  The  rheostat  shown,  owing  to  the  large  cooling  surface, 
will  carry  currents  up  to  about  6  or  7  amps,  comfortably. 


FIG.  157. 
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Carbonized  Cloth  Rheostat. 

Another  form  of  variable  rheostat  capable  of  carrying  currents  up 
to  2  or  3  amps,  comfortably  is  shown  in  Figs.  158  and  159.  A  small 
vertical  brass  rod  h  is  fixed  to  a  suitable  base  at  one  end,  and  the  other 
end  is  screwed  to  receive  a  milled-headed  nut ;/.  A  tube  of  insulating 
material  surrounds  the  rod,  and  over  it  is  slipped  a  pile  of  discs  of 
carbonized  cloth,  c,  prepared  by  heating  ordinary  cloth  to  a  high  tem- 
perature in  a  vacuum,  thereby  carbonizing  it  without  destroying  it. 
Brass  discs,  A>A>  A>  having  side  projections  to  which  a  terminal  is 
screwed,  are  inserted  as  shown,  at  two  or  three  points  in  the  pile,  so  as  to 


FIG.  158. 


FIG.  159. 


obtain  fractions  of  the  whole  pile.  A  washer,  ^,  which  works  along  a 
flat,  filed  on  the  brass  rod,  is  pressed  against  the  column  of  discs  by 
the  nut,  but  cannot  turn  round.  The  base,  if  of  metal,  may  form  the 
bottom  terminal  plate.  The  action  is  precisely  that  mentioned  in 
the  case  of  the  carbon  rheostat.  The  resistance  of  such  a  column  of 
discs,  about  3  inches  long  and  i^  inch  diameter,  may  vary  between 
\  ohm  and  10  ohms. 


The  Wirt  Wire  Rheostat. 

A  most  convenient  form  of  continuously  variable  resistance  is 
shown  in  Fig.  160,  and  is  commonly  known  as  the  "  Wirt "  rheostat. 
It  consists  of  a  long  rectangular-shaped  sheet  of  stout  but  pliable 
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cardboard,  over  which  is  closely  and  neatly  wound  fairly  thin  silk- 
covered  platinoid  or  other  suitable  wire.  The  card  thus  overwound 
is  bent  round  over  the  outside  of  a  light,  hollow,  drum-shaped  metal 
frame  provided  with  metal  end  discs,  and  is  carried  on  a  vertical 

spindle,  about  which  it  can  make 
almost  one  complete  turn.  The 
spindle,  which  terminates  in  a 
nut  at  the  top,  is  fixed  to  the 
centre  of  a  square  flat  slab  form- 
ing the  base,  and  which  itself 
rests  on  two  wooden  bars  extend- 
ing along  two  opposite  sides,  as 
seen.  Two  handles  are  provided 
on  the  top  disc  or  end  for  the 
piirpose  of  turning  the  drum. 
The  terminals  of  the  rheostat  are 
on  the  right-hand  side,  only  one 
of  which  is  seen.  The  periphery 
of  the  drum  is  overwound,  with 
the  exception  of  a  narrow  strip 
at  the  lower  end,  with  thin  string, 
for  the  purpose  of  protecting  the 
wire  and  keeping  it  in  position. 
The  insulation  on  the  outside  of 
the  wire  in  this  strip  is  carefully  removed,  and  a  spring  carried  by  two 
brass  pillars  (seen  to  the  left)  presses  against  this  strip  of  bared  wires 
as  the  drum  turns  round,  thus  successively  making  contact  with  each 
turn  of  wire  on  the  card.  One  terminal  is  connected  to  the  spring 
and  the  other  to  one  end  of  the  wire  on  the  card  through  the  spindle 
and  metal  of  the  drum,  while  the  other  end  is  free  or  insulated. 
Hence,  when  the  drum  is  up  against  the  stop  provided  for  arresting 
its  motion,  one  way,  no  resistance  is  obtained  between  the  terminals, 
but  if  it  is  turned  right  round  so  as  to  again  be  up  against  the  stop, 
the  whole  of  the  wire  or  resistance  is  in.  This,  in  the  rheostat  shown, 
is  380  ohms,  and  it  will  carry  i  amp. 


FIG.  1 60. 


Standard  Low  Resistance. 

The  construction  of  these,  accurate  to,  say,  I  part  in  10,000,  requires 
a  considerable  amount  of  care  and  labour,  and  in  addition  a  somewhat 
special  mode  of  procedure.  Probably  the  best  way  is  as  follows  : 
Assume  a  standard  o'i  ohm  is  required.  Construct  ten  i-ohm  coils 
accurate  to,  say,  i  in  500,  by  comparison  with  a  standard  i-ohm  coil 
on  the  Foster  bridge  ;  then,  since  if  these  are  put  in  parallel  with 
one  another,  we  shall  have  the  reciprocal  of  the  combined  resistance 
equal  to  the  sum  of  the  reciprocals  of  the  several  resistances  so  placed 
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in  parallel  ;  we  shall  manifestly  have  constructed  a  resistance  of 
T\y  or  o'l  ohm,  which  will  be  correct  to  i  in  5000  very  approximately. 
Of  course  this  amount  of  accuracy  requires  that  the  standard  i-ohm 
coil  used  in  the  comparison  is  accurate  to  at  least  i  in  500,  which  is 
easily  obtained  by  constructing  it  originally  in  the  same  manner  from 
ten  lo-ohm  coils  in  parallel.  It  will  thus  be  seen  that  the  greater  the 
number  of  parallels  the  less  does  any  error  become  in  the  final 
resistance. 


Variable  Standard  known  Resistance. 

Fig.  161  shows  diagrammatically  a  form  of  adjustable  low  re- 
sistance box,  in  which,  by  putting  additional  coils  in  parallel  with 
each  other  by  means  of  plugs,  a  number  of 
low  resistances  can  be  obtained.  The  dia- 
gram represents  only  eight  coils,  each  of  0*5 
ohm  resistance,  one  end  of  each  being  con- 
nected to  the  common  terminal  bar  T^T^ 
By  connecting  any  circuit  to  T^,,  and  plug- 
ging in  a  suitable  manner,  eight  resistances 
can  be  obtained,  varying  from  0*5  to  0-0625  °f 
an  ohm.  An  extended  range  and  greater 
fineness  of  graduation  of  resistance  can  be 
obtained  by  having  more  parallels,  some  of 
which  are  of  considerably  higher  resistance 
than  the  rest.  The  plug  P  is  for  short-circuiting  T^  when  desired. 

Adjustable  low  known  resistances  are  made  in  other  different  forms 
of  which  Fig.  162  shows  one.  It  consists  of  a  suitable  containing  box,  to 
the  under  side  of  the  cover  of  which  is  attached  a  light  non-metallic 


FIG.  162. 

framework  wound  non-inductively  with  four  separate  coils.  These  are 
composed  respectively  of  four  or  five  lengths  of  some  suitable  thick 
high-resistance  bare  wire  in  parallel,  and  the  combination,  having  the 
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desired  resistance,  connected  to  two  adjacent  massive  brass  blocks, 
capable  of  being  short-circuited  by  massive  and  well-fitting  plugs. 


FIG.  163. 
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The  figure  shows  a  standard  i-ohm  4- plug  box,  capable  of  carrying 
25  amps,  without  sensible  heating.  Two  small  terminals  are  fitted  to 
the  end  blocks,  in  addition  to  the  large  current  ones,  for  potential 
measurements  of  current  when  required. 

Fixed  Standards  of  Resistance  take  almost  innumerable  forms. 
Fig.  163  shows  an  unalterable  standard  of  low  resistance  for  carrying 
100  amps,  without  appreciable  heating.  It  consists  of  a  thick 
rectangular  sheet  of  manganin,  divided  into  five  strips  of  equal 
width  by  saw-cuts  taken  to  within  the  width  of  each  strip  from  the 
ends.  The  resistance  thus  consists  of  one  continuous  strip  of  equal 
width  and  thickness  in  a  small  compass,  and  kept  rigid  by  wooden 
ends.  Two  large  current  terminals  are  attached  to  the  extremities  of 
the  strip  and  two  small  potential  ones  to  two  points  (found  by  trial), 
the  resistance  between  which  is  exactly 
o'oiooo  ohm.  Thus  a  fall  of  potential  of 
exactly  i  volt  will  occur  between  these 
small  terminals  when  100  amps,  flow 
through  the  strip.  The  curve  of  variation 
of  resistance,  with  temperature  for  this 
low  resistance,  is  shown  in  Fig.  164,  from 
which  we  see  that  the  temperature  coeffi- 
cient of  manganin  is  negative. 


Standard   i=ohm  Resistance. 

Fig.  165  shows  a  fixed  standard  i-ohm 
resistance,  fitted  up  in  such  a  way  that  its 
resistance  can  be  found  very  accurately  at 
the  moment  of  comparing  another  with 
it.  As  shown,  symbolically,  in  Fig.  166, 
it  consists  of  an  outer  vessel,  O,  with  an 
ebonite  lid.  Inside  this  is  a  hollow,  closed 
vessel  I,  supported  so  as  to  be  about 
|  inch  from  the  side,  top,  and  bottom,  of  O. 
I  has  a  cylindrical  hole  right  through  it, 
in  which  moves  a  thin  ring,  d,  actuated 
by  a  rod  r.  A  coil  of  insulated  wire,  c,  is 
wound  inside  I,  and  its  ends  connected  to 
two  copper  prongs  brought  through  ebonite 
bushes,  and  which  dip  into  two  mercury 
cups  in  the  metal  pillars  seen  in  Fig.  165  ; 
these  pillars  make  good  connection  with 
the  two  terminal  leads.  One  thermometer, 
T,  is  inserted  in  the  interior  of  I,  and 

another,  /,  inside  with  the  coil  c.    Water  fills  all  the  spaces  between  O 
and  the  outsides  of  I.     Thus,  by  using  the  stirrer  r  to  agitate  the 


FIG.  165. 
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water,  the  temperature  of  c  can  be  kept  fairly  uniform,  and  the 
resistance  of  the  i-ohm  coil  corrected,  if 
necessary,  for  temperature.  /  is  merely  a 
foot  for  supporting  O  in  conjunction  with  p. 


Carbon  Megohm. 

When  very  high  resistances  of  a  fixed 
nature,  but  of  no  great  accuracy,  are  required, 
a  carbon  megohm,  as  it  is  termed,  may  be 
used  conveniently.  One  is  shown  in  Fig.  167. 


FIG.  1 66. 


FIG.  167. 


It  consists  of  an  ebonite  slab  having  a  fairly  deep  groove  (not  seen) 
down  one  face ;  a  graphite  pencil  is  drawn  down  the  groove,  thereby 
making  a  conducting  path,  which  is  then  adjusted  to  have  10°  ohms 
resistance  between  the  two  terminals  connected  to  its  ends.  A  thin 
slab  of  ebonite  is  fixed  over  the  groove  to  protect  it  and  form  the  base 
of  the  megohm  ;  such  resistances  have  an  appreciably  negative  tem- 
perature coefficient  of  resistance. 


Resistance  Boxes. 

There  are  many  different  forms  of  adjustable  resistance  boxes,  an 
ample  supply  of  which  apparatus  is  indispensable  in  experimental 
work.  Without  actually  describing  the  method  of  constructing  such 
resistances,  which  is  in  the  province  of  an  ordinary  text-book,  it  may  be 
remarked  that  all  the  coils  in  any  resistance  box  are  doubly  wound, 
thereby  making  them  non-inductive  in  themselves,  and  also  ineffective 
in  creating  external  magnetic  disturbances,  due  to  a  current  flowing 
through  them,  causing  them  to  be  magnetic.  There  is,  of  course,  a 
separate  resistance  coil  across  each  consecutive  pair  of  brass  blocks 
on  the  top,  of  the  value  in  ohms  stamped  opposite  each  gap  ;  hence,  to 
insert  a  resistance  between  the  terminals,  remove  the  plug  or  plugs 
the  numbers  opposite  which  will  total  up  to  the  required  resistance. 
Great  care  should  be  used  to  ensure  all  plugs  in  making  good  contact, 
for  a  bad-fitting  plug  may  cause  a  grave  error  in  the  summed 
resistance.  To  obtain  good  contact  use  only  a  very-  small  downward 
pressure  in  inserting  a  plug,  but  at  the  same  time  give  it  a  slight 
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turning  motion,  perhaps  one-eighth  to  one-fourth  turn.  The  plugs  and 
holes  being  conical,  this  ensures  good  surface  contact  and  a  nil 
resistance.  In  removing  a  plug  do  the  reverse  exactly.  In  high- 
resistance  boxes  the  ebonite  top  should  be  quite  clean,  especially  in 


*  FIG.  168. 

the  gaps  between  blocks,  for  a  layer  of  dust  or  dirt  might  have  a  con- 
ductivity comparable  with  that  of  the  coil,  in  which  case  the  resistance 
in  the  box  would  not  be  the  correct  or  effective  terminal  resistance. 

Fig.  1 68  shows  a  convenient  adjustable  plug  resistance  box, 
totalling  ii  10  ohms  when  all  the  plugs  are  out,  and  capable  of  I  ohm 
variations.  Some  boxes,  however,  total  11,110  or  no  ohms,  and  some 
have  these  ranges  by  o'i  ohm  variations. 


Wheatstone  Bridges. 

Metre  Bridge. 

There  are  many  different  forms  of  these.  Fig.  169  represents 
one  form  of  the  simplest  type — the  so-called  "metre"  bridge.  It 
consists  of  a  straight  uniform  wire,  I  metre  in  length,  stretched  between 
two  stout  copper  terminal  blocks,  terminating  in  angle-shaped  stout 
copper  strips  as  seen.  There  are  three  other  straight  copper  strips 
in  a  line  at  the  back  of  the  bridge,  thus  forming  four  gaps  in  the  line 
of  strips.  Terminals  are  fixed  on  the  strips  as  shown,  and  those  on 
either  side  of  each  gap  are  connected,  by  substantial  connections,  each 
to  a  small  mercury  cup  just  in  front  of  it,  on  the  base-board,  as  shown. 
By  this  means  either  ordinary  wires  leading  to  resistances  can  be 
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connected  to  the  gap  terminals,  or  resistances  terminating  in  two 
stout  legs,  as  seen  in  front  of  the  bridge,  can  be  connected  up  by 
inserting  the  legs  in  the  cups.  A  metre  scale  is  fixed  close  to  the 
stretched  wire,  the  ends  of  the  two  being  in  line.  The  scale  acts  as  a 
guide  to  a  spring  tapping  or  sliding  key,  seen  to  the  front  of  Fig.  169, 
and  enables  its  position  along  the  stretched  wire  to  be  observed. 
This  wire  should  be  of  some  hard  material,  such  as  platinum-iridium, 
so  that  it  is  not  dented  by  the  somewhat  blunt  knife-edge  of  the  slider 
key,  as  the  accuracy  of  a  measurement  on  the  metre  bridge  primarily 


FIG.  169. 

depends  on  the  uniformity  of  the  wire.  Though  only  two  gaps  are 
essential,  a  four-gap  bridge  is  very  useful  for  a  number  of  additional 
tests,  and  the  two  surplus  gaps  at  the  ends  can  always  be  closed,  when 
not  required,  by  stout  copper  connectors  of  the  form  indicated.  More 
.than  one  stretched  wire  is  often  employed  to  increase  ,the  range  of 
sensibility  of  the  bridge.  The  arrangement  is  then  called  a  "  multiple- 
metre  bridge." 

The  four-gap  metre  bridge  just  considered  can  be  applied  in 
Professor  Carey  Foster's  method  of  comparing  two  resistances  which 
are  nearly  the  same,  by  combining  with  them  two  additional  similar 
resistances  placed  in  the  two  middle  gaps  of  this  metre  bridge.  When, 
after  a  balance  is  obtained  on  the  slide  wire,  the  positions  of  the 
two  outside  coils  which  are  being  compared  are  interchanged  and 
a  fresh  position  of  balance  obtained  for  the  slider,  a  comparison  is 
effected  in  the  manner  seen  on  p.  63.  With  this  particular  con- 
struction it  is  possible  to  use  the  metre  bridge  for  the  comparison  of. 
higher  resistances,  by  placing  two  coils  of  suitable  resistance,  one  in 
each  of  the  end  gaps  of  the  bridge,  thus  extending  the  length  of  the 
stretched  wire,  and  making  the  resistance  of  the  two  portions  on  either 
side  of  the  sliding  key  comparable  with  those  being  compared,  this 
being  necessary  for  obtaining  accurate  results. 
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Temperature  Coefficient  Bridge. 

To  avoid  having  to  really  touch  the  coils,  and  also  to  ensure  having 
a  compact  and  accurate  arrangement,  Messrs.  Nalder  Brothers  &  Co. 
devised  the  form  of  Carey-Foster  bridge  shown  in  Figs.  170,  171.  It 
consists  of  a  small  ebonite  table,  T,  resting  on  four  legs,  and  carrying 
four  pairs  of  massive  copper  bars  or  blocks,  having  a  mercury  cup  at 
each  of  their  ends,  two  of  them  being  provided  with  terminals  B1?  B2, 


FIG.  170. 


which  go  to  the  battery.  An  extra  bar,  with  two  cups  and  a  common 
terminal  Gj,  is  placed  as  shown,  and  goes  to  the  galvanometer  ter- 
minals. The  four  pairs  of  blocks  are  arranged  in  position  as  shown, 
so  that  one  cup  of  each  lies  on  a  circle,  and  is  equidistant  from  that 
on  each  side  of  it. 

A  switch  disc,  D,  is  fitted  with  massive  connectors  as  shown,  and 
can  rotate  about  the  centre  of  the  cup  circle,  so  making  contact 
between  various  pairs  of  cups.  The  bridge  wire,  ww,  is  fixed  to  a 
removable  slab  of  ebonite,  A,  which  is  clamped  in  position  on  the 
table  by  a  pin  and  nut,  n.  The  ends  of  ww  are  fixed  to  massive 
copper  straps,  which  terminate  in  curved  rods,  seen  in  Fig.  170.  These 
dip  into  the  two  cups  as  shown,  a  sliding  key,  K,  moves  along  a 
graduated  scale,  ss,  and  carries  a  lens  for  reading  ss.  Contact  with 
ww  is  made  by  depressing  K. 

The  terminal  G2  is  in  electric  connection  with  K,  and  goes  to  the 
other  terminal  of  the  galvanometer  ;  r3,  r4  are  the  resistances  to  be 


Apparatus. 


compared,  which  make  contact  with  their  two  respective  pairs  of 
mercury  cups  ;  r^  r.2  are  a  pair  of  interchangeable  ratio  coils  wound 
on  the  same  bobbin,  so  as  to  have  the  same  temperature,  and  each 

of  either  I,  10,  roo,  or  1000 
ohms  ;  the  coils  terminate 
in  copper  rods,  which  dip 
into  the  cups  ;  r3,  r4  respec- 
tively may  preferably  be 
built  up  in  the  same  way. 

A  set  of  bridge  wires, 
A,  should  be  at  hand  to 
suit  the  ratio  coils  in  use. 

By  reference  to  Fig.  171 
it  will  be  at  once  evident 
that  on  rotating  D  through 
1 80°,  the  positions  of  rz  and 
r±  will  be  interchanged  with 
respect  to  the  bridge  wire 
wiv,  and  rly  r2,  which  is 
the  essence  of  Professor 
Carey  Foster's  method  of 
comparison. 

FIG.  171.  Other  forms  of  metre  or 

multi-metre    bridges    have 

been  devised,  with  the  object  of  making  the  ordinary  form  more 
compact  and  portable.  In  some  types  the  wire  is  stretched  round  the 
edge  of  a  circular  disc  i  or  2  feet  in  diameter,  the  sliding  key  being 
carried  at  the  end  of  a  rotating  arm. 


Circular  Multiple -Metre  Bridge. 

Fig.  172  shows  a  compact  form  of  circular  multi  metre  bridge. 
It  consists  of  a  slate  cylinder,  capped  with  metal  ends,  and  mounted 
on  a  spindle,  which  can  be  rotated  by  the  handle.  The  slate  cylinder 
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has  a  shallow  screw-thread  running  down  it,  in  which  is  wound 
the  stretched  wire,  its  ends  being  connected  to  the  end  caps,  each  of 
which  is  connected  to  a  separate  terminal  across  which  the  battery 
goes.  A  small  pulley,  having  a  V-groove  which  fits  the  wire,  is  rotated, 
and  at  the  same  time  slides  along  a  graduated  rod  carried  by  two 
upright  springs,  which  press  it  towards  the  cylinder.  This  arrangement 
is  connected  to  a  terminal,  and  constitutes  the  sliding  or  rolling  key  of 
the  bridge.  Thus  reading  the  position  of  the  pulley  on  its  rod  gives 
the  relative  lengths  of  wire  on  the  cylinder  either  side  of  it.  It  is  to 
be  noted  that  the  contact  resistance  between  pulley  and  wire  and  also 
between  the  rubbing  connections  at  each  end  of  the  cylinder  is  of  no 
consequence,  providing  it  is  not  sufficiently  great  to  seriously  diminish 
the  sensibility  of  the  test. 


Post = off  ice  Bridge. 

Fig.  173  represents  a  still  more  compact  and  highly  portable 
form  of  Wheatstone  bridge,  known  as  the  "post-office  "  pattern  (P.O. 
form).  Here  plug  resistances  are  substituted  for  the  stretched  wire  of 
the  metre  bridge,  to  form  the  two  "  proportional "  arms  of  the  bridge, 
each  consisting  of  three 
coils  of  10,  100,  and 
1000  ohms.  These  six 
coils  form  the  back  row 
of  the  box.  The  third, 
or  "  adjustable "  arm 
includes  the  three  re- 
maining rows  of  resist- 
ances, totalling  11,110 
ohms.  The  two  spring 
tapping  keys  seen  in 
front  are  for  controlling 
the  battery  and  galvano- 
meter circuits  ;  the  con- 
nections of  their  under 
studs  to  the  rest  of  the 
bridge  inside  the  box 
are  shown  by  white  lines 
on  the  top.  Double  ter- 
minals are  provided 
where  two  wires  have  to 
go  to  that  point,  in  order  to  avoid  putting  two  wires  under  one  head  in 
the  case  of  a  single  terminal.  Each  has  stamped,  on  the*  ebonite  top 
and  directly  opposite  to  it,  the  name  of  that  part  of  the  bridge  which 
should  be  connected  to  it,  so  that  it  is  practically  impossible  to  couple 
up  wrongly.  As  the  arrangement  was  primarily  intended  for  telegraph 
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engineers,  "  line  "  means  the  telegraph  wire,  or  for  ordinary  work  the 
resistance  to  be  measured.  Plugs,  when  removed,  should  always  be 
placed  in  the  lid,  and  not  on  the  usually  dirty  table.  Moreover,  the  keys 
should  be  pressed  lightly,  or  their  platinum  tipping  will  be  damaged. 


Standard  Dial  Bridge. 

A  more  elaborate  form  of  Wheatstone  bridge  is  shown  in  Fig.  174, 
and  is  known  as  the  standard  six-dial  bridge. 

The  proportional  arms  are  in  a  separate  box,  and  consist  of  five 
coils  each,  of  i,  10,  100,  1000,  and  10,000  ohms  respectively  of  the 
ordinary  plug  form. 


FIG.  174. 

The  "  adjustable  "  arm  consists  of  six  dial  resistances,  each  running 
from  o  to  9  in  tenths,  units,  tens,  hundreds,  thousands,  and  ten- 
thousands  of  ohms.  An  infinity  plug  is  placed  just  behind  the  two 
central  dials,  and  an  electrical  thermometer  is  fitted  to  this  box,  con- 
sisting of  a  resistance  usually  of  100  or  1000  ohms,  distributed  over 
the  interior,  and  connected  to  the  two  terminals  shown.  Its  resistance 
is  correct  at  the  temperature  stamped  on  the  bridge  ;  hence,  if  measured 
at  any  other  temperature,  this  temperature  can  at  once  be  calculated, 
knowing  the  material  of  which  it  is  made,  and  its  temperature  co- 
efficient of  resistance.  The  great  advantage  of  this  form  of  bridge  is 
that  the  resistance  of  the  adjustable  arm  is  simply  read  off  by  inspection 
on  glancing  down  the  dials  from  left  to  right.  It  is  used  for  very 
accurate  standardizing  purposes. 
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Thomson- Varley  Slides. 

Fig.  175  shows  the  general  view,  and  Fig.  176  a  part  diagrammatic 
one,  of  an  elaborate  and  beautiful  but  costly  resistance,  known  as  the 
Thomson-Varley  slide  coils.  It  is  primarily  intended  for  making  very 
rapid  tests  on  rapidly  varying  resistances,  and  also  for  testing  re- 
sistances possessing  capacity  with  which  the  ordinary  Wheatstone 
bridge  requires  time  in  order  to  allow  the  current  to  arrive  at  its  steady 
value  after  altering  the  resistances  of  the  arms,  and  before  making  the 
final  adjustments. 


FIG.  175. 


The  arrangement  consists  of  two  boxes,  A  and  B,  of  resistance 
coils,  each  fitted  with  a  dial  containing  a  circular  double  row  of 
studs,  to  which  the  coils  are  connected.  The  left-hand  box,  A,  con- 
tains one  hundred  and  one  coils  of  1000  ohms,  connected  to  the  studs 
as  shown  ;  while  the  right-hand  box  contains  one  hundred  coils  of  20 
ohms  each,  connected  to  their  studs  in  the  same  way.  An  ordinary 
single-lever  contact  arm,  b,  makes  contact  with  any  one  stud  at  one 
time  when  turned  by  its  milled  ebonite  head. 

A  double-lever,  composed  of  two  contact  arms  side  by  side,  but 
insulated  from  each  other,  makes  contact  with  two«  alternate  studs  on 
box  A  at  one  and  the  same  time  as  the  lever  is  rotated.  All  the  studs 
and  contacts  have  platinum  iridium  faces,  to  prevent  tarnishing  and 
wear.  From  reference  to  Fig.  176  it  will  be  seen  that  resistance  B, 
whose  sum  =  2000  ohms,  is  connected  between  the  two  contact  arms 
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of  the  left-hand  lever,  which  makes  contact  between  the  alternate  studs, 
giving  also  2000  ohms  between  its  two  arms.  Hence  the  box  of  coils 
B  acts  as  a  kind  of  vernier  to  any  two  successive  coils  in  A,  and  the 
arrangement  acts  as  a  potentiometer,  of  which  T1}  T2  are  the  terminals 
of  the  extreme  resistance  (100,000  ohms\  and  the  terminal  T3  the 
sliding  intermediate  contact.  One  disadvantage  in  the  arrangement 
of  coils  shown  is  that  the  smallest  in  the  vernier  side  is  20  ohms,  and 


FIG.  176. 

therefore  the  instrument  has  no  such  fine  adjustment  as  the  sliding 
key  on  a  meter  bridge  wire.  Another  is  that  only  a  very  sensitive  high- 
resistance  galvanometer  can  be  used  with  it  to  obtain  accurate  results. 
Slightly  modified  forms  of  this  slide  resistance  have  been  introduced 
by  Dr.  Muirhead,  in  one  of  which  four  dials,  of  resistances  are  em- 
ployed, and  the  same  range  obtained,  three  of  the  dials  having  eleven 
coils  each,  and  the  fourth  ten  coils. 


Shunts. 

The  class  of  apparatus  which  goes  by  the  above  name  is  one  that 
provides  a  simple  and  ready  means  of  altering  the  sensitiveness  of  a 
galvanometer.  Thus,  for  instance,  if  with  a  certain  galvanometer  we 
are  using  the  only  available  source  of  E.M.F.  and  resistance  in  circuit, 
and  then  the  deflection  is  too  great  to  be  read,  it  can  be  diminished  to 
any  desired  extent  by  connecting  across  the  terminals  a  wire  or  "  bye- 
pass,"  or  "  shunt"  as  it  is  commonly  termed,  of  a  suitable  resistance. 
A  certain  fraction  of  the  total  current  which  originally  went  through 
the  galvanometer  now  is  shunted  past  it,  thus  reducing  the  deflection. 
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Ordinary  Shunt  Box. 

Sets  of  shunts  are  supplied  in  the  form  of  "  shunt  boxes,"  one  very 
common  form  of  which  is  shown  in  Fig.  177,  and  symbolically,  with  the 
connections,  etc.,  in  Fig.  178.  Usually  such  a  box  is  supplied  with,  and 
only  intended  for  use  with,  a  particular  galvanometer  for  the  following 
reasons.  Three  resistances,  rlt  r.2,  r.A,  having  respectively  ^,  gV,  and 
¥JF,  the  resistance  of  the  galvanometer  itself,  are  mounted  in  a  metal 
case  with  a  plug  top  of  the  form  shown,  and  connected  to  the  blocks 
as  there  indicated.  The  blocks  carrying  the  two  terminals  T,,  T2  can. 


FIG.  177. 


FIG.  178. 


when  desired,  be  short-circuited  by  the  lever  S.  T,  is  permanently 
connected  to  the  common  block  A,  to  which  also  either  <£,  r,  or  d  can 
be  separately  connected  by  the  one  plug  supplied.  According,  there- 
fore, as  to  whether  the  shunts  r^  r.,,  or  r.A  are  plugged  across  the 
terminals  T15  T2,  to  which  the  galvanometer  is  directly  connected,  so 
To  5  T&o>  TO^U  onlY  of  the  total  current  flowing  through  the  battery  will 
pass  through  the  galvanometer.  The  proof  of  this  will  be  found  on 
p.  237.  If  S  is  down,  so  as  to  short-circuit  T15  T2,  no  current  will  go 
through  the  galvanometer,  and  to  use  the  latter  unshunted,  lift  s  and 
have  no  plug  in.  T,,  T2  are  usually  double  terminals,  enabling  their 
lower  halves  to  be  permanently  joined  to  the  galvanometer. 


High  Insulation  Shunt  Box. 

Fig.  179  shows  a  similarly  arranged  shunt  box  highly  insulated,  and 
for  use  with  very  highly  insulated  galvanometers.  As  can  be  seen,  the 
plugs  have  long  corrugated  ebonite  handles,  to  prevent  leakage  to 
earth  through  the  operator  when  using  the  plugs.  The  brass  blocks  are 
each  on  corrugated  ebonite  pillars  fixed  to  the  ebonite  top  of  the  box 
containing  the  shunt  coils,  and  this  itself  is  supported  by  longer 
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similar  pillars  on  an  ebonite  base,  carried  by  three  ebonite  feet.  The 
long-handled  plug  shown  performs  the  function  of  S  in  the  other 
type  of  box,  and  a  spare  plug  is  seen  on  the 
base.  It  will  thus  be  evident  that  the  insu- 
lation resistance  of  this  shunt  box  will  be 
exceedingly  high. 


Constant  Total  Current  Shunt  Box. 

As  will  be  obvious  at  first  sight,  the  inser- 
tion of  a  shunt  across  the  terminals  of  any 
galvanometer  reduces  the  total  circuit  resist- 
ance, from  the  fact  that  the  current  for  a 
certain  length  of  the  circuit  has  an  additional 
path  to  flow  through.  Thus  it  may  happen 
that  the  total  current  increases  by  Ohm's  law. 
There  are  two  ways  by  which  a  shunt  box 
can  be  arranged,  so  that  the  act  of  inserting 
a  shunt  box  also  adds  a  compensating  resist- 
ance in  the  main  circuit  of  such  a  value  as 

to  maintain  the  main  current  constant.  This  gives  rise  to  what 
are  known  as  "constant  total  current  shunts."  Fig.  180  shows 
the  general  form,  and  Fig.  181  a  symbolical  view,  of  one  of  the  methods 
due  to  Mr.  Kempe.  J1?  s2)  s3  are  the  three  shunt  coils,  and  rlt  r2,  rz 


FIG.  180. 


FIG.  181. 


the  respective  main  circuit  resistances  that  are  automatically  added 
by  the  insertion  of  a  plug  in  the  holes  i,  2,  and  3,  so  as  to  keep  the 
combined  resistance  between  the  main  terminals  T1}  T2  constant. 
The  galvanometer  is  joined  directly  to  terminals  G,  G.  If  the  plug  is 
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inserted  in  hole  4,  the  galvanometer  is  short-circuited,  as  by  S  in 
Fig.  178  ;  but  if  the  plug  is  in  hole  o,  the  galvanometer  is  unshunted, 
and  Tt,  T2  may  be  regarded  as  its  terminals.  Si,  s2,  ss  shunt  the  usual 
fraction  of  current.  The  values  of  rlt  r2,  rs,  in  terms  of  the  galvano- 
meter resistance  and  multiplying  powers  of  the  shunts,  can  be  found 
algebraically. 


Universal  Shunt  Box. 

A  new  form  of  shunt  box  is  that  devised  by  Professor  Ayrton  and 
Mr.  Mather,  and  commonly  known  as  the  "universal  shunt  box"  for 
galvanometers.  This  is,  perhaps,  an  inappropriate  appellation  for  it 
in  one  sense  of  the  word,  for  reasons  which  follow  later  on.  Fig.  182 
shows  a  general  view  of  the  latest  form  of  this  shunt  box,  and 
Fig.  183  a  symbolical  one  of  the  connections  of  coils  to  the  studs  and 
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terminals.  As  seen,  seven  resistances,  BC,  CD,  DE,  etc.,  are  enclosed 
in  a  suitable  box  and  connected  in  the  manner  indicated  to  the  eight 
contact  studs  fixed  to  the  ebonite  top.  A  contact  lever  s,  in  per- 
manent connection  with  the  middle  terminal  M,  moves  over  the  studs, 
and  acts  practically  as  a  potentiometer  arrangement.  The  two 
terminals  marked  G  go  direct  to  the  galvanometer  to  be  shunted, 
while  those  marked  M  go  to  the  main  circuit.  Terminals  G,  G  are 
permanently  connected  to  studs  marked  Inf.  and  i,or,  in  other  words, 
to  the  extremities  of  the  whole  resistance  BFP,  which  is  permanently 
across  the  galvanometer  terminals  G.  Intermediate  studs  are  con- 
nected to  intermediate  points  on  this  resistance,  in  such  a  way  that  if 
S  equal  the  whole  resistance  between  B  and  P,  then  that  between 

C  and  P  =  -,  between  D  and  P  =  -,  between  E  and  P  =  -,  and  so 
V  10'  ^o' 
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on.     Thus,  if  G  =  galvanometer  current  when  s  is  on  stud  i,  it  will 

f    C~"    f 
be  -    -,  — ,  •  •  •  etc.,  when  s  is  put  to  studs  marked  £,  JQ,  ft,  .;.  . 

respectively.  One  great  advantage  of  this  form  of  shunt  is  that  its 
shunting  constants  are  correct  for  ballistic  work,  as  the  damping 
remains  constant  with  whatever  shunt  is  used  ;  also  that  intermediate 
shunts  are  provided  over  the  old  form,  enabling  a  deflection  of  at  least 
one-third  of  the  whole  scale  to  be  worked  to  instead  of  only  one-tenth, 
say.  Owing  to  the  high  resistance  which  the  lever  s  controls,  no 
practical  error  is  introduced  through  any  slightly  bad  contact  between 
it  and  the  studs,  and,  on  the  other  hand,  it  keeps  itself  clean,  and  is 
much  more  convenient  than  plugs.  This  form  of  shunt  must  have  as 
high  a  resistance  as  possible  compared  with  that  of  the  galvanometer, 
and  for  this  reason  they  are  made  with  different  resistances  to  suit 
galvanometers  having  any  resistance  up  to  a  suitable  limit. 

Referring  to  Fig.  183,  it  will  be  seen  that  the  arrangement  will  also 
act  as  a  potentiometer,  giving  the  respective  definite  fractions  of  the 
total  volts  across  MM. 

For  the  detailed  theory  of  this  "  universal  shunt,"  see  Electrician, 
vol.  xxxii.  p.  627. 


Keys. 

In  consequence  of  the  multiplicity  of  designs,  not  only  amongst  the 
various  types  of  keys,  but  also  in  any  one  type  in  itself,  it  will  only 
be  possible  here  to  notice  some  of  the  most  commonly  used  apparatus 
of  this  kind.  Speaking  generally  of  the  various  keys,  etc.,  it  may  be 
remarked  that  for  elementary  experimental  work  strength  is  chiefly 


FIG.  184. 

required  for  the  average  manipulator,  and  not  so  much  high  finish  and 
high  insulation  resistance.  The  last  named  is,  however,  of  great  im- 
portance in  more  advanced  practical  work,  particularly  in  capacity 
tests,  and  considerable  care  must  be  taken  to  keep  the  keys  clean  and 
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free  from  dust.  All  keys  must  be  so  constructed  as  to  introduce  no 
appreciable  extra  resistance  into  the  circuit  in  which  they  are  inserted. 
All  tapped  contact  surfaces  are  or  should  be  tipped  with  platinum  to 
prevent  oxidation  and  tarnishing,  and  so  improving  the  contact.  Such 
keys  should  always  be  tapped  lightly  to  avoid  damaging  this  platinum 
facing. 

Fig.  184  shows  a  most  simple  and  useful  form  of  single- way  spring 
tapping-key,  mounted,  in  the  instance  shown,  on  an  ebonite  base  with 
four  ebonite  feet.  The  little  finger-knob  on  the  end  of  the  spring  lever 
is  also  of  ebonite.  Thus  it  will  be  seen  that  the  key  will  have  a  very 
considerable  insulation  resistance. 

Fig.  185  represents  a  high  insulation  (H.I.)  two-way  spring  tapping- 
key.  As  seen,  the  two  spring  levers  are  carried  at  the  end  of  a  horizontal 


FIG.  185. 

polished  ebonite  rod,  itself  supported  by  an  ebonite  standard  fixed  to 
the  ebonite  base.  The  two  levers  are  provided  with  finger-knobs  of 
considerable  length,  in  order  to  prevent  leakage  of  current  from  levers 
to  earth  through  finger  and  body.  The  two  levers  run  from  a  common 
brass  terminal  block  carried  at  the  end  of  the  rod,  and  are  each 
provided  with  an  ebonite  wedge  capable  of  sliding  along  them  and 
under  the  brass  cross-piece  shown,  thus  keeping  the  levers  permanently 
pressed  when  required  without  having  to  hold  them  down. 

Fig.  1 86  shows  a  four-way  plug  key  on  an  ebonite  base,  and  is  a 
very  convenient  piece  of  apparatus  in  many  different  tests. 

A  single-lever  "  charge  and  discharge  "  spring  tapping-key  is  shown 
in  Fig.  187.  It  is  a  H.I.  key,  and  its  principal  use  lies  in  condenser 
work,  for  which  it  is  primarily  intended,  though  it  is  useful  for  numerous 
other  tests.  The  figure  explains  itself,  but  it  will  be  observed  that 
corrugated  ebonite  pillars  are  used  to  support  the  brasswork  on  the 
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ebonite  base  fitted  with  ebonite  feet.     The  chief  objects  of  this  form  of 
pillar  are  that  the  effective  length  of  the  path  for  leakage  is  considerably 


FIG.  186. 

increased  for  a  given  length  of  pillar,  and  also  touching  them  acci- 
dentally with  the  fingers  only  dirties  the  edges  of  the  corrugations  with- 
out doing  so  to  the  bottoms  of  the  grooves.  Thus  a  high  insulation 


FIG.  187. 

resistance  is  obtained.  The  spring  lever,  when  pressed,  makes 
contact  on  the  extreme  left-hand  block  only,  and  when  released 
springs  up  against  and  makes  contact  with  the  block  carried  by  the 
middle  pillar. 

Fig.  188  shows  an  ordinary  form  of  H.I.  pillar  reversing  key. 
Here  the  two  spring  levers  can  be  kept  permanently  depressed  by 
ebonite  cams  carried  on  independent  pillars  ;  when  released,  the  levers 
spring  up  against  their  intermediate  contacts.  The  key  can  also  be 
used  for  charge  and  discharge  work,  etc. 
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An  extremely  simple  and  useful  form  of  mercury  reversing  key  is 
shown  in  Fig.  189.  It  consists  of  either  a  wood  or  ebonite  base  con- 
taining four  small  mercury  cups  forming  a  square,  and  which  are 
connected  by  copper  strips  to  the  four  terminals.  To  an  ebonite  block 


FIG.  188. 

of  the  shape  shown,  which  insulates  them  from  each  other,  are  fixed  a 
couple  of  copper  angle  plates,  their  outer  vertical  edges  terminating  in 
prongs  or  legs  the  same  distances  apart  as  any  two  cups.  The  ebonite 
block  slips  up  and  down  the  pin,  about  which  it  can  rotate  ;  thus,  when 
all  the  prongs  are  in  the  mercury  cups  in  one  position,  the  current 


FIG.  189. 

flows  in  one  direction,  and  when  the  block  is  raised  and  turned 
through  90°,  the  current  flows  in  the  opposite  direction.  As  a  simple 
instance  of  connection,  a  battery  would  go  across  one  pair  of  diagonal 
terminals,  and  the  circuit  in  which  the  current  had  to  be  reversed 
across  the  other  pair  of  diagonal  terminals. 

Fig.  190  shows  what  is  commonly  known  as  a  Pohl's  commutator, 
which  can  be  used  either  as  a  single  or  two-way  key  or  as  a  reversing  key. 
It  consists  of  an  ebonite  base  on  four  legs  or  feet,  and  containing  six 
mercury  cups,  A-F,  spaced  as  shown  (Fig.  191).  Each  of  these  cups  is 
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connected  to  its  own  separate  terminal  by  the  side  of  it.  An  ebonite 
rod  is  supported  by  and  rocks  on  two  copper  legs  dipping  into  C  and  D 
and  pivoted  in  them.  The  cups,  through  the  medium  of  these  legs, 
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FIG.  190. 

are  in  good  electrical  connection  with  two  curved  copper  rods,  seen  in 
Fig.  190,  which  dip  into  either  A  and  B  on  the  one  side  or  E  and  F 
on  the  other,  as  the  cross-bar  is  rocked.  This  connects  A  to  C  and  B 

to  D  on  the  first  side,  or 
C  to  E  and  D  to  F  on  the 
other  at  will,  thereby  consti- 
tuting a  two-way  key.  To 
D  use  it  as  a  reversing  key, 
connect  A  to  F  and  B  to 
E  by  independent  connec- 
tors ;  then,  if  a  battery  is 
across  C  and  D,  the  current 
in  any  circuit  across  AB  or 
EF  only  will  be  reversed  on  rocking  the  key  over. 

The  key  shown  in  Fig.  190  has  a  high  insulation  when  clean. 
Mercury  keys  and  commutators  of  this  description  possess  the  dis- 
advantage, unless  screwed  permanently  down  to  the  table,  of  spilling, 
and  the  author  has  found  it  to  be  almost  invariably  the  case  that  a 
student  first  commences  by  turning  such  a  key  upside  down  to  look 
at  the  bottom,  perfectly  oblivious  of  the  fact  that  mercury  tends  to 
gravitate  somewhat  rapidly. 

In  some  tests,  as,  for  example,  with  the  "  make "  and  "  break " 
method  of  carrying  out  Rowland's  permeability  test  on  iron,  etc.,  the 
current  should  be  broken  quickly  to  avoid  chiefly  the  destructive  spark 
on  breaking  an  induction  current.  Fig.  192  shows  a  good  form  of 
quick-break  switch,  which  can  be  used  for  all  currents  up  to  about 
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30  amps.     A  description  of  this  switch,  which  is  intended  for  electrical 
engineering  work,  is  perhaps  superfluous  here.     Suffice  it  to  say  that 


FIG.  192. 

the  contact  lever,  actuated  by  the  handle  and  its  boss,  is  thrust  very 
rapidly  away  from  the  terminal  blocks  shown,  after  it  has  reached  a 
certain  point  close  to  the  edge  of  each  block. 


Voltameters. 

Mixed  Gas. — A  convenient  form  of  "  mixed  gas  "  voltameter  is 
shown  in  Fig.  193.  It  consists  of  a  wide-mouthed  glass  jar,  closed  by 
an  indiarubber  cork,  through  which  passes  two  glass  tubes  (air-tight). 
The  left-hand  one  has  a  small  cylindrical  bulb  in  its  middle  region, 
and  the  lower  end  dips  under  the  surface  of  the  dilute  sulphuric  acid 
contained  in  the  jar,  the  upper  terminating  in  a  thistle-headed  funnel. 
A  stop-tap  is  fitted  to  the  right-hand  tube,  the  lower  end  of  which  is 
well  above  the  liquid  surface,  whilst  the  upper  bends  over  into  the 
funnel.  Two  platinum  wires,  connected  to  the  terminals  on  the  base, 
pass  through  the  cork  and  carry  two  parallel  sheets  of  platinum  foil, 
which  are  immersed  in  the  acid.  When  a  current  of  electricity  is  sent 
through  the  voltameter  with  the  tap  shut,  decomposition  ensues,  and 
the  gas  collects  over  the  liquid,  forcing  it  down  and  some  of  it  up  the 
left-hand  tube.  The  rate  at  which  the  liquid  column  rises  between 
two  fixed  scratches  is  proportional  to  the  current.  The  volume  between 
the  scratches  is  determined  accurately  once  for  all.  The  funnel  is  for 
the  purpose  of  catching  any  spray  that  may  be  forced  through  the 
right-hand  tube  when  the  tap  is  turned  to  allow  the  collected  gas  to 
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escape.     The  tap,  stopper,  and  all  that  passes  through  it  must  be 
perfectly  air-tight. 

Copper.— Fig.  194  shows  a  copper  voltameter,  which  consists  pre- 
ferably of  a  cubical-shaped  glass  box,  fitted  with  a  hollow  frame- 
shaped  top.  On  two  opposite  sides  of  this  frame  are  fixed  substantial 


FIG.  193. 

brass  or  copper  strips,  carrying  spring  clamps  of  the  shape  shown,  and 
the  terminals.  The  former  are  spaced  equally  on  the  strips  to  the  num- 
ber required,  but  a  clamp  on  one  side  is  opposite  the  centre  of  a  gap  on 
the  other.  The  plates,  which  are  of  thin  sheet  copper  for  the  cathode 
and  thick  sheet  copper  for  the  anode,  and  as  pure  as  possible,  each 
have  a  projecting  lug  on  either  side  at  one  end.  Hence  to  insert  one 
or  more  plates  in  the  voltameter,  they  are  put  in,  and  the  lugs  pressed 
in  between  the  sides  of  the  clamp.  In  this  way  good  contact  is 
obtained,  and  the  insertion  or  withdrawal  of  a  plate  is  only  the  work  of 
a  moment.  It  will  at  once  be  evident  that  all  the  plates  connected 


Apparatus. 


333 


with  one  row  of  clamps  will  form  the  cathode,  when  perforce  all  on  the 
other  side  will  form  the  anode,  of  the  voltameter. 


FIG.  194. 


Silver. — A  simple  and  convenient  form  of  silver  voltameter  is  repre- 
sented in  Fig.  195,  and  consists  of  a  thin  platinum  bowl,  £,  from  3  to  4 
inches  diameter,  and  i  \  to  2  inches 
deep.  This  merely  rests  on  the 
edge  of  a  circular  hole  cut  in  a  brass 
or  copper  plate,  a,  screwed  to  the 
wooden  base  B.  By  this  arrange- 
ment, b,  which  makes  good  contact 
with  rt,  and  therefore  with  the  ter- 
minal T2  fixed  to  a,  can  be  easily 
removed,  b,  which  forms  the  ca- 
thode of  the  voltameter,  is  made  of 
platinum  instead  of  silver,  in  order  •  •  - 

that,  after  an  experiment  is  com-  Vj/  i  I II  /  /  B  v /  /    / 

pletely  finished,  the  silver  deposited  ^ ^ — u 

on  the  inside  of  it  can,  by  pouring  FlG'  !95- 

in  a  little  nitric  acid,  be  dissolved  off  to  form  silver  nitrate,  which  can 
be  poured  back  into  a  stock  bottle  and  used  over  and  over  again  on 
future  occasions.  In  this  way  the  cathode  can  be  made  thin  and  light, 
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and  its  weight  consequently  determined  more  accurately  ;  whereas,  if 
it  was  silver,  the  deposit  could  not  safely  be  redissolved,  and  hence  the 
bowl  would  grow  thicker  and  heavier.  A  plate  of  pure  silver,  p,  about 
i  inch  smaller  in  diameter  than  b,  is  fixed  to  the  end  of  a  metal  rod,  r, 
and  dips  into  a  solution  of  silver  nitrate,  E,  contained  in  the  bowl  ;  r 
can  be  clamped  by  a  set-screw,  S,  to  a  metal  standard,  R,  making 
electric  contact  with  a  brass  plate  carrying  the  other  terminal,  T,. 
This  silver  plate  forms  the  anode,  and  is,  during  an  experiment, 
temporarily  wrapped  in  a  good  filter-paper  to  prevent  particles  of 
silver  oxide  and  other  impurities  being  deposited  on  the  bowl  and 
causing  an  error  in  the  true  weight  of  deposited  silver. 

The  electrolyte  should  consist  of  a  15  per  cent,  to  30  per  cent, 
solution  of  silver  nitrate  in  pure  water. 

A  voltameter  such  as  the  above  is  suitable  for  measuring  accurately 
any  current  up  to  2  amps,  with  a  30  per  cent,  solution.  For  i  amp.  a 
1 5  per  cent,  solution  mighf  be  used.  The  maximum  current  that  may 
be  used  so  as  to  obtain  a  good  adherent  deposit  with  any  platinum 
bowl  is  approximately  i  amp.  per  6  square  inches  of  surface. 


Magnetic  Apparatus. 

A  simple  arrangement  for  enabling  the  distribution  of  magnetism 
in  a  long  bar  magnet  to  be  easily  determined  ballistically  is  shown  in 
Fig.  196.  A  framework  composed  of  two  rectangular  plates  joined  by 
two  small  rods  on  opposite  sides,  is  capable  of 
sliding  along  the  bar  magnet,  this  latter  work- 
ing through  rectangular  holes  in  the  plates. 
One  plate  has  a  lug  with  a  set  screw,  by  means 
of  which  the  frame  can  be  clamped  in  any  posi- 
tion on  the  magnet.  A  rectangular  coil  of  fine 

silk-covered    wire,  the   ends  of  which    are  at- 

bClUL  tached  to  two  terminals  fixed  to  the  flange  of 

•  the  coil,  allows  the  magnet  to  pass  freely  through 

its  centre.  Thus  when  the  frame  is  clamped 
the  little  coil  can  slip  freely  along  it  between 
the  two  end  plates,  and  in  so  doing  cuts  the 
magnetic  lines  of  force  straying  out  of  the 
magnet's  sides  at  that  position. 

Fig.  197  shows  a  very  simple  ]5iece  of  appa- 
ratus for  enabling  the  quantity  M.H.  to  be 
found  for  a  small  magnet.  It  merely  consists 
of  a  mahogany  base,  on  three  legs  to  ensure 
steadiness,  to  which  is  fixed  a  brass  rod  or 
standard,  bent  over  at  the  top.  A  small  alu- 
minium stirrup  is  suspended  from  this  cross- 
piece  by  means  of  a  fibre  of  cocoon  silk.  A  glass  shade,  let  into 
a  circular  groove  in  the  base,  covers  the  standard  and  suspension 
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in,  draught-tight.  Hence  a  magnet  placed  in  the  stirrup  is  able 
to  oscillate  quite  freely  from  torsional  resistance  of  the  fibre  and  air- 
draughts. 

Dip  Circle. 

A  form  of  "  dip  circle  "  of  a  very  simple  nature,  but  fairly  well 
suited  for  the  use  of  elementary  students  is  shown  in  Fig.  198.  It 
consists  of  the  containing  box,  having  a  glass  back  and  front  and  a 
hinged  lid  at  the  top.  A  hollow  ring-shaped  scale,  degree  divided,  is 


FIG.  197. 


FIG.  198. 


supported  by  the  wooden  sides.  The  box  is  carried  by  a  stout  central 
pivot,  to  which  is  also  fixed  another  circular  degree-divided  scale,  the 
whole  being  capable  of  turning  about  the  vertical  pin  on  a  base,  sup- 
ported on  three  levelling  screws,  and  fitted  with  the  small  spirit-level 
seen  in  the  figure.  The  central  pivot  terminates  above  in  two  limbs, 
one  on  either  side  of  the  scale,  and  supporting  at  their  tops  two  agate 
knife-edges  on  a  level  with  the  scale  centre.  On  these  agate  edges 
rests  the  delicate  steel  spindle  of  the  somewhat  lengthy  magnetic 
needle.  Two  forks,  actuated  by  turning  the  milled  head,  seen  in  front 
of  the  box,  rise,  and  lift  the  needle  off  the  agates  when  the  instrument 
is  not  in  use  or  when  carried  about.  The  horizontal  scale  indicates 
the  angle  through  which  the  box  is  turned  at  anytime.  Most  elaborate 
dip  circles  are  used  when  very  accurate  results  are  required,  and  the 
student  must  refer  to  other  books  for  a  description  of  them. 
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Magnetometers. 

Fig.  199  represents  a  form  of  magnetometer  well  suited  for  com- 
paring magnetic  moments  of  magnets  with  a  fair  degree  of  accuracy 
as  well  as  for  other  tests.  It  consists  of  a  long  base  terminating  in 
an  enlarged  square  portion,  and  supported  on  three  levelling  screws. 
The  square  part  supports  a  circular  degree-divided  scale  and  a  metal 
standard  bent  over  at  the  top.  From  this  latter  hangs  a  short  mag- 
netized needle  at  the  end  of  a  fine  silk  fibre.  To  the  needle  is  fixed 
a  light  aluminium  pointer  which  moves  over  the  scale,  a  circular 
mirror  being  placed  in  the  centre  to  avoid  errors  due  to  parallax.  The 
moving  system  is  enclosed  under  a  glass  shade,  and  a  metre  scale  is 


FIG.  199. 


fixed  to  the  long  part  of  the  base  so  as  to  read  distances  from  the 
centre  of  the  needle  to  that  of  a  bar  magnet  sliding  along  the  metre 
scale  as  a  straight-edge.  It  should  be  noted  that  the  magnetic  axis 
of  the  bar  magnet  ought  to  pass  through  the  centre  of  the  magneto- 
meter needle  as  it  slides  along  the  metre  scale. 

A  more  delicate  form  of  magnetometer  wit'i  its  bench  is  shown  in 
Fig.  200.  On  a  long  bench,  about  I  inch  thick  and  supported  on 
arms  away  from  the  wall  with  sides  vertical,  is  a  bracket  at  about  its 
centre.  A  tripod  form  of  magnetometer  rests  on  this  bracket,  and 
consists  of  a  highly  magnetized  magnetic  needle,  with  a  plane  mirror 
attached,  suspended  by  a  fine  fibre  from  a  torsion  head  at  the  top 
of  a  brass  tube  fixed  to  the  top  of  a  wooden  box  protecting  the  needle. 
This  needle  box  is  closed  by  a  hinged  door  containing  a  panel  of 
ordinary  "  looking-glass,"  with  a  circular  disc  of  the  silvering  removed 
to  enable  the  moving  mirror  to  be  seen.  A  long  fixed  metre  scale  is 
provided  some  short  distance  in  front  of  the  magnetometer,  and  is 
illuminated  by  two  gas-jets.  The  reflection  of  this  scale  in  the  moving 
plane  mirror  is  read  by  a  small  telescope  under  the  scale,  and  the 
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deflections  of  the  needle  thus  determined.     A  simple  but  special  form 
of  sliding  table  slides  along  the  bench,  and  can  carry  the  magnet,  for 


FIG.  200. 
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which  the  quantity  j|  may  be  required,  on  the  top,  or  a  long  mag- 
netizing solenoid,  as  used  in  Ewing's  permeability  tests,  in  a  clamp  at 
the  side,  as  shown  in  Fig.  200. 


Secondary  Battery. 


Portable  E.M.F.'s  up  to  the  value  of  12  volts  or  more  are  often 
needed  in  testing  work,  and  in  some  cases  are  required  to  give  an 
appreciable  current  as  well.  Fig.  201  shows  an  easily  portable 
arrangement,  consisting  of  a  stout  box  containing  six  Headland 
electric  secondary  cells,  each  capable  of  giving  about  5  amps,  at  2 
volts  pressure  for  several  hours,  and  weighing  only  some  5  Ibs.  each 
complete.  This  "  make  "  of  cell  is  most  suited  to  the  work  because 
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of  its  extreme  lightness  and  longevity  for  a  given  output  and  rough 
usage  respectively.  The  six  cells  are  in  simple  series,  and  each  junc- 
tion is  joined  by  a  lead  strip  to  a  terminal,  of  which  there  are  con- 
sequently seven,  three  being  the  other  side.  Hence  any  number  of 


FIG.  201. 

cells  from  one  to  six  can  easily  be  obtained.  It  may  be  pointed  out 
that  the  cells  are  rendered  sufficiently  non-spillable  by  running  melted 
paraffin  wax  on  to  the  acid  surface,  with  a  cork  inserted  at  one  corner 
to  act  as  a  bung-hole. 


Thermo  E.M.F. 

Sometimes,  in  experimental  work,  a  very  small  and  constant 
E.M.F.  is  required  having  a  low  internal  resistance.  This,  with  the 
exception  of  the  latter  condition,  can  easily  be  obtained  by  a  potentio- 
meter arrangement  in  the  usual  way.  Fig.  202  shows  a  simple  piece 
of  apparatus  in  the  form  of  a  thermo-couple,  which  will  give  a  low 
E.M.F.,  and  which  has  a  low  internal  resistance.  It  consists  of  two 
copper  cans  supported  side  by  side  on  two  brackets,  and  connected 
together  by  a  rod  of  bismuth  soldered  to  them,  as  shown.  Each  can 
contains  water,  the  left  cold  and  the  right  hot,  and  boiled  if  necessary 
by  a  Bunsen  burner  underneath,  as  shown.  A  thermometer  dips  into 
each  can,  and  the  two  cans  are  electrically  connected  to  the  terminals 
on  the  base  by  means  of  wires.  Thus,  with  boiling  water  one  side 
(100°  C.)  and  cold  the  other  (about  10°  C.),  an  E.M.F.  of  3600  micro- 
volts, or  0^0036  volt,  with  an  internal  resistance  of  a  small  fraction 
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of  an  ohm,  can  easily  be  obtained.     The  constancy   of  the  E.M.F. 

depends  on  that  of  the  difference  of  temperature  of  the  two  cans. 

It  is  convenient  to  have  some  form  of  cell  for  experimental  purposes 

in  which  the  effective  sizes  or 
areas  of  the  plates  and  their 
distance  apart  can  easily  be 
altered.  A  good  form  of  cell 
for  this  purpose  is  that  shown 
in  Fig.  203.  It  is  merely  a 
special  form  of  Daniell  cell. 
The  copper  plate  can  slide  up 
or  down  in  the  clamp,  and 
also  horizontally  along  the 
two  guide  -  rods.  The  zinc 
plate  can  only  slide  up  or  down 
in  its  porous  pot,  containing 
either  ZnSO4  or  dilute  H2SO4, 
and  be  clamped  at  any  desired 
height.  The  copper  plate  dips 


FIG.  202. 


FIG.  203. 


into  a  trough  of  copper  sulphate.  In  this  way  both  the  amount  of 
plate  immersed  and  their  distance  apart  can  be  varied  within  wide 
limits,  and  the  E.M.F.  and  internal  resistance  experimentally  investi- 
gated at  each  position. 


Standards  of  E.M.F. 

The  two  principal  kinds  of  standard  cells  used  in  this  country,  and 
indeed  in  a  large  proportion  of  the  Continent  as  well,  are  the  Board  of 
Trade  (B.O.T.)  Clark  cell,  devised  and  patented  by  Dr.  Muirhead, 
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and  the  Carhart-Ciark  cell,  devised  by  Professor  H.  S.  Carhart. 
The  general  outside  appearance  of  a  double  cell  of  this  latter  type  is 
shown  in  Fig.  204,  and  consists  of  two  distinct  Carhart-Clark  cells, 
mounted  in  a  brass  containing  case  fitted  with  an  ebonite  top  carry- 
ing the  two  pairs  of  terminals,  one  pair  for  each  cell.  A  delicate 
thermometer,  having  a  range  from  o°  to  30°  C.,  has  its  bulb  placed 
inside  the  brass  case  close  to  the  two  cells,  and  its  stem  bent  round 
horizontally  and  secured  to  the  ebonite  cover.  As  seen,  the  two  zinc 
terminals  are  placed  one  side  and  the  two  mercury  terminals  the 
other  side  of  the  stem.  The  Carhart-Clark  standard  cell  attains  the 


FIG.  204. 


FIG.  205. 


E.M.F.  corresponding  to  its  temperature  almost  instantaneously.  Its 
temperature  coefficient  is  only  0*038  per  cent,  per  degree  Centigrade,  as 
against  0*078  per  cent,  in  the  B.O.T.  form.  It  is  thoroughly  portable, 
and  can  be  handled  with  considerable  impunity. 

The  construction  of  a  Carhart  cell  is  shown  in  Fig.  205.  It  consists 
of  a  test-tube,  T,  having  a  hemispherical  closed  end,  through  which  is 
fused  a  thin  platinum  wire,  Pt ;  a  fairly  large  globule  of  pure  mercury, 
Hg,  is  then  placed  at  the  bottom  of  T.  The  usual  mercurous  sulphate 
paste,  M.S,  is  then  inserted  over  the  mercury,  and  an  asbestos  disc  or 
diaphragm,  A,  placed  on  top.  Zn  is  a  circular  zinc  rod  of  the  form 
shown,  which  is  pressed  down  so  as  to  bed  the  paste  M.S  all  round 
the  mercury  Hg.  The  ordinary  zinc  sulphate  liquid  paste,  Z  S,  is  then 
inserted  ;  then  a  cork,  r;  and  finally  a  sealing,^,  of  marine  glue  or  other 
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suitable  material  ;  a  copper  wire,  W,  soldered  to  the  zinc  rod,  forms 
the  Zn  terminal  of  the  cell.  As  the  zinc  Zn  is  in  solution  of  varying 
density,  it  will  be  acted  on  at  the  upper  portions,  to  prevent  which 
Professor  Carhart  protects  the  zinc  rod  by  a  glass  tube  in  the  upper 
portions.  The  portability  is  attained  by  the  paste  M.S  hemming  in 
the  globule  of  mercury  all  round  the  upper  parts.  A  cell  of  this  descrip- 
tion, if  used  with  only  the  feeblest  current,  never  short-circuited  or 
exposed  to  great  variations  of  temperature,  will  have  an  E.M.F.  of 
1-4345  volt  at  15°  C.,  and  its  E.M.F.  E  at  other  temperatures  /°  C, 
will  be  given  as  E  —  (1-4345(1  —  o-ooo38)(/  —  15°)}  volts. 

The  Board  of  Trade  cell,  otherwise  the  ordinary  Latimer- Clark 
standard  cell,  has  an  E.M.F.  which  is  taken  by  the  B.O.T.  to  be 
1*4345  legal  volts  at  15°  C.  ;  the  cell  consists  of  zinc  or  an  amalgam 
of  zinc  with  mercury,  and  of  mercury  in  a  neutral  saturated  solution 
of  zinc  sulphate,  and  mercurous  sulphate  in  water,  with  mercurous 
sulphate  in  excess.  The  cell  is  portable,  rapidly  attains  the  E.M.F. 
corresponding  to  its  temperature,  and  has  a  temperature  coefficient 
of  0-078  per  cent,  per  degree  Centigrade.  A  detailed  description 
of  the  manufacture  and  preparation  of  this  cell  will  be  found  on 
p.  107.  The  principle  use  of  such  standards  of  E.M.F.  is  to  balance 
an  unknown  E.M.F.  in  a  potentiometer  arrangement,  such  as  Clark's, 
etc.,  in  order  to  determine  the  value  of  the  unknown.  All  such  cells 
should  be  used  in  series  with  high 
resistances  while  balancing,  which 
may  temporarily  be  removed  when 
balance  is  almost  obtained,  so  as 
to  increase  the  sensitiveness  of 
the  arrangement. 

Standard  Daniell  cells  and 
numbers  of  others  have  been  de- 
vised by  various  authors,  but  the 
above  two  types  will  be  the  most 
frequently  met  with  by  far. 

Thermo -Electric  Gene- 
rator. 

Fig.  206  shows  a  thermo- 
electric generator  designed  by 
Mr.  H.Barringer  Cox,  and  capable 
of  giving  a  current  3-5  amps,  on 
short  circuit  and  4*5  volts  on 
open  circuit,  and  having  an  in- 
ternal resistance  of  about  1*2 
ohms  under  working  conditions. 
It  consists  of  a  very  large  number  of  pairs,  or  couples,  as  they  are  usually 
termed,  of  dissimilar  metallic  strips  connected  in  series,  but  arranged 
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so  that  one  set  of  alternate  junctions  are  at  the  inner  surface  of  a  hollow 
cylindrical  vessel,  and  the  other  alternate  set  of  junctions  on  the  outer 
edge.  Thus  the  lengths  of  the  strips  run  radially.  The  outer  junctions 
are  kept  cool  by  ordinary  tap-water  flowing  through  the  water-jacket 
which  surrounds  them,  and  forming  the  outside  of  the  generator  ;  the 
inner  junctions  are  heated  by  a  central  flame  from  a  Bunsen  burner, 
which  is  guided  close  to  the  inner  walls  of  the  generator  by  a  "  de- 
flector "  of  the  form  shown  in  Fig.  207.  Thus  one  set  of  junctions 
being  heated  and  the  other  cooled,  a  potential  difference  is  set  up 
between  the  extreme  ends  of  the  series  which  are  connected  to  the  two 
terminals  shown,  and  marked  positive  and  negative.  The  generator 


FIG.  207. 


should  be  fixed  to  the  wall  by  means  of  the  bracket  to  which  it  is 
attached,  and  in  a  situation  free  from  draughts  of  air  ;  referring  to 
Fig.  207,  connect  the  gas-burner  A  by  small  lead  piping  to  a  source 
of  supply,  and  the  water- tubes  EE  of  the  water-jacket  to  a  water-tap 
in  a  similar  manner,  so  that  the  cold  water  enters  at  the  bottom  inlet 
and  leaves  by  the  top  outlet.  The  deflector  rod  D  must  rest  in  the 
centre  of  the  burner  B.  To  start  the  generator  working,  turn  on  the 
water,  and  obtain  a  small  gentle  stream  from  the  overflow  ;  then  light 
the  gas  and  see  that  a  flame  similar  in  appearance  to  that  in  Fig.  207,  I . 
is  obtained.  After  the  generator  has  thus  been  running  for  about  10 
minutes,  feel  the  outside  of  it  to  see  if  it  feels  cool  ;  if  otherwise,  slightly 
increase  the  flow  of  water,  of  which  only  a  small  quantity  is  necessary. 
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The  temperature  of  the  generator  should  be  about  70°  to  80°  Fahr., 
but  never  above  1 50°  Fahr.  To  stop  the  generator,  turn  off  the  gas, 
and  a  few  minutes  later  the  water,  but  always  allow  this  to  remain  in 
the  machine. 

Precautions  to  be  observed. — See  that  the  flame  is  like  that  shown 
in  Fig.  207,  I.,  and  not  as  in  Fig.  207,  II.,  which  is  dangerous  to  the 
generator.  The  correct  flame  can  be  observed  by  looking  up  from 
underneath,  and  can  be  obtained  by  regulating  the  amount  of  gas. 
On  no  account  must  the  machine  be  used  without  the  stream  of  water, 
and  the  flame  must  never  be  allowed  to  strike  or  impinge  against  the 
inside  wall  of  the  machine. 


Electrolytic  Resistance  Cells. 

A  somewhat  rough  but  extremely  useful  piece  of  apparatus  for  use 
with  the  method  of  measuring  the  electrolytic  conductivity  of  elec- 
trolytes, devised  by  Drs.  W.  Stroud  and  J.  B.  Henderson,  is  shown  in 
Fig.  208. 


FIG.  208. 


It  consists  of  a  rectangular  metal  trough  containing  paraffin  oil, 
in  which  is  immersed  a  thick,  heavy  rectangular  board  fitted  with  a 
vertical  rod  or  handle,  by  means  of  which  the  board  can  be  gently 
lifted  up  and  down  in  the  oil,  so  as  to  ensure  uniformity  of  temperature 
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throughout  the  oil.  Supported  on  this  wooden  board,  by  being  let 
into  it,  are  two  electrolytic  cells  of  special  form,  devised  by  the  authors 
of  the  method.  Each  cell  consists  of  two  vertical  thick-walled  test- 
tubes,  T,  T,  about  6  .cms.  high  and  about  1*25  cm.  diameter,  having 
necks,  «,  halfway  up  their  sides.  Into  these  necks  fit  the  well-ground 
ends  of  a  glass  tube,  /,  of  nearly  uniform  bore.  With  the  exception 

that  in  one  cell  t  is  about  30 
cms.  long  and  in  the  other  only 
about  5  or  6  cms.,  the  two  cells 
are  as  nearly  alike  in  all  other 
respects  as  it  is  possible  to  get 
them.  The  horizontal  tubes  / 
are  about  o'6  cm.  diameter  ex- 
ternally, and  have  a  bore  that 
will  give  a  convenient  resistance 
with  the  electrolyte  tested.  Ex- 

^  actly  similar  electrodes,  consist- 

ing of  platinum  foil  bent  in  a 
cylindrical  form  so  as  to  fit  the  tubes  T,  are  employed,  a  short  piece 
of  platinum  wire  being  welded  to  each,  and  making  contact  with  an 
adjacent  U-shaped  mercury  cup,  seen  by  the  side  of  each  vertical 
tube  T.  By  this  means  the  electrodes  are  easily  removable.  The 
connections  to  the  circuit  are  made  with  the  remaining  limb  of  each 
U-tube  mercury  cup.  It  is  found  necessary  to  use  oil  in  the  bath, 
as  with  water  the  apparent  resistance  of  the  electrolyte  depends  on 
the  direction  of  the  current  owing  to  leakage  over  the  surface  of  the 
glass  and  through  the  water.  This,  however,  is  non-existent  when 
an  insulating  liquid  is  used  in  the  bath.  The  temperature  of  the  bath, 
and  therefore  of  the  electrolyte,  is  read  by  a  delicate  thermometer. 


Kohlrausch   Bridge, 

Fig.  210  represents  a  specially  arranged  piece  of  apparatus  for 
measuring  the  electrolytic  resistance  of  electrolytes  by  means  of 
alternating  currents,  and  is  known  as  a  Kohlrausch  bridge.  A 
description  of  it  will  be  more  easily  understood  by  reference  to  the 
symbolical  diagram  of  it  shown  in  Fig.  211,  in  which  all  dotted  lines 
are  electrical  connections  between  the  various  terminals  (indicated  by 
large  circles)  under  the  base.  The  arrangement  is  essentially  that  of 
a  Wheatstone  bridge,  and  is  as  follows  : — 

The  stretched  wire,  AB  (about  24  cms.  long),  together  with  the 
resistance  coil,  r,  fixed  under  the  base,  form  two  arms  of  the  bridge, 
or,  strictly  speaking,  as  shown,  CB  is  one  arm,  and  CA  +  r  the 
other.  R  is  a  third  arm,  and  perforce  the  electrolytic  cell  the  fourth 
arm,  which  goes  across  terminals  E1?  Eo.  S  is  a  two  way  lever  switch 
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controlling  the  battery,  which  is  connected  across  terminals  Bt,  B2. 
When  a  telephone  is  used  which  is  connected  across  G^,  the  switch 
S  is  put  to  stud  marked  "  Tel."  This  inserts  an  alternating  current 
obtained  from  an  induction  coil,  I,  across  the  bridge.  If,  however,  it 


FIG.  210. 

is  desired  to  employ  a  galvanometer  instead  across  GjGg,  then  S  is 
put  over  to  "  Galv."  This  cuts  out  I,  and  simply  puts  the  battery 
direct  on  to  the  bridge.  R  is  a  set  of  resistance  coils  of  the  values  in 
ohms  shown,  which  can  be  inserted  by  taking  out  the  plugs  shown. 
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FIG.  211. 

A  sliding  contact  or  key,  K,  can  make  contact  at  any  point  (such  as  C) 
on  the  wire  AB,  which  is  stretched  over  a  graduated  scale,  and  its 
position  thereby  noted  when  balance  is  obtained  on  the  telephone  or 
galvanometer. 
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The  scale  is  graduated  in  ohms,  so  that  when  balance  is  obtained 
the  scale-reading  of  K  x  R  =  the    resistance   measured.      Fig.  212 

shows  a  convenient  form  of 
electrolytic  cell  for  use  with 
the  Kohlrausch  bridge.  It 
consists  of  a  glass  tube,  about 
2  cms.  diameter,  closed  at  the 
top  and  bottom  by  indiarubber 
corks,  c,  c. 

Through  these  corks  pass 
suitable  metallic  rods,  r,  one 
end  of  each  being  connected 
to  terminals,  T,  T,  on  the 
stand,  S.  The  other  ends  ter- 
minate in  circular  metal  discs, 
£/„  d.2,  fitting  the  tube  closely, 
of  which  d.>  is  temporarily 
fixed  during  a  test,  while  d^ 
can  be  moved  up  and  down 
to  some  convenient  distance 
from  dt. 

The   temperature    of    the 
FlG  2I2  solution  can  be  obtained  very 

approximately  by  means  of  a 

delicate  thermometer,  either  by  passing  it  through  the  cork  at  c  by 
the  side  of  r,  and  then  allowing  its  bulb  to  dip  into  the  solution  above 
the  top  disc,  or  by  measuring  its  temperature  just  before  a  series  of 


FIG.  213. 


tests   and  just   after,  and   taking   the  mean.     The  temperature  will 
probably  be  found  to  alter  very  little  in  the  brief  interval  of  the  test. 
For    liquid    resistances    not    greater    than    1000    ohms    roughly, 
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Drs.  Stroud  and  Henderson  found  that  the  Kohlrausch  method  was 
greatly  improved  and  made  more  sensitive  by  using  their  special  form 
of  balancing  electrolytic  cell  (vide  p.  343)  instead  of  such  as  the  above. 
By  means  of  it  dead  silence  could  be  obtained  in  the  telephone,  while 
without  their  cell  there  was  always  a  feeble  buzz  to  be  heard.  For 
resistances  above  1000  ohms,  the  balancing  cell  appeared  of  no 
avail. 

An  arrangement  which  will  be  found  useful  in  testing  the  relation 
between  the  resistance  of  a  conductor  and  its  length,  diameter,  and  the 


FIG.  214. 

material  of  which  it  is  made,  is  shown  in  Fig.  213.  It  consists  of  a 
box  containing  a  number  of  coils  of  insulated  wire  connected  severally 
to  the  pairs  of  terminals  seen  on  the  top.  The  top  row  of  terminals 
is  connected  to  coils  of  the  same  material  and  diameter,  but  different 
lengths,  the  bottom  row  to  coils  of  the  same  material  and  length,  but 
different  diameters,  whilst  the  middle  row  are  coils  of  the  same 
diameter  and  length,  but  different  materials.  In  this  way  a  most 
instructive  comparison  can  be  made. 

Fig.   214   shows   a    box   containing   four   coils   of  insulated   wire 
arranged  for  proving  the  laws  of  combination  of  resistances  in  series 
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and  parallel.  Referring  to  Fig.  215,  which  represents  a  symbolical 
plan  of  the  top  or  mercury  switchboard,  two  terminals,  T,  T,  are 
fixed  to  the  ends  of  two  copper  bars,  each  containing  four  mercury 
cups  in  a  line.  Four  coils,  A,  B,  C,  and  D,  are  connected  respectively 
to  four  pairs  of  mercury  cups,  I  and  5,  2  and  6,  3  and  7,  and  4  and  8. 
All  the  cups  are  so  spaced  that  all  the  copper  wire  connectors  will 
just  connect  cups  I,  2,  3,  or  4  to  the  top  terminal  bar  cups,  the  same 
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FIG.  215. 

the  other  side,  and  in  addition  will  connect  2  and  5,  or  I  and  6,  3  and  6, 
and  so  on.  Thus  to  put — 

A  and  B  in  series,  connect  i  to  bar,  2  to  5,  and  6  to  other  bar. 

A  and  D  in  series,  connect  I  to  bar,  2  to  5,  3  to  6,  4  to  7,  and  8  to 
other  bar. 

A  and  B  in  parallel,  connect  i  and  2  to  bar,  and  5  and  6  to  other 
bar. 

A,  B,  C,  and  D  in  parallel,  connect  i,  2,  3,  and  4  to  one  bar,  and  5, 6, 
7,  and  8  to  the  other,  and  so  on. 


Permeability  Ring. 

For  experimenting  on  the  magnetic  qualities  of  iron,  for  instance, 
ballistically,  it  is  desirable  and  convenient  to  have  a  neatly  wound 
specimen  at  all  times  ready  to  test  in  the  laboratory  for  students. 
Fig.  216  shows  such  an  arrangement  for  use  with  Rowland's  ballistic 
method.  It  merely  consists  of,  say,  a  welded  soft  wrought-iron  ring 
neatly  and  uniformly  overwound  with  a  suitable  gauge  of  insulated 
copper  wire,  connected  to  the  pair  of  terminals  seen  at  the  top.  A 
short,  uniformly  wound  coil  of  thin  insulated  copper  wire  is  wound 
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over  a  part  of  the  first  coil,  and  its  ends  connected  to  the  bottom  pair 


FIG.  216. 


FIG.  217. 


of  terminals.     This  is  the    "  search  coil,"  and  the  other  the  "  mag- 
netizing coil."     The  ring  is  cleated  down  to  a  mahogany  baseboard. 


Damping  Coil. 

Fig.  217  represents  a  very  simple  piece  of  apparatus  known  as  a 
"  damping  coil,"  by  the  use  of  which,  in  the  vicinity  of  a  galvanometer, 
an  enormous  amount  of  time  can  be  saved  in  bringing  the  needle  and 
spot  of  light  quickly  to  rest,  especially  in  ballistic  work.  It  merely 
consists  of  a  flat  bobbin  wound  with  fine  insulated  wire  and  connected 
to  the  two  terminals  shown,  mounted,  together  with  the  coil,  on  a  small 
wooden  base.  A  spring  clamp  is  attached  to  the  back  of  this,  which 
slips,  when  pushed,  up  or  down  a  rod  having  a  suitable  foot.  The 
coil  contains  no  iron  or  other  magnetic  material,  but  when  used  near 
a  galvanometer  in  conjunction  with  a  single  cell  and  key,  it  acts 
magnetically  on  the  needle,  and  by  tapping  the  key  so  as  to  make 
circuit  at  the  right  instant,  the  spot  of  light  can  be  brought  to  rest  in 
about  two  swings.  A  reversing  key  used  with  the  coil  expedites 
matters  considerably. 


Temperature  Coefficient. 

Fig.  218  shows  a  piece  of  apparatus  for  determining  the  variation 
of  resistance  of  different  metals  with  temperature,  and  hence  their  tem- 
perature coefficient.  It  consists  of  an  outer  copper  vessel  containing 
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water,  and  supported  on  a  tripod  with  a  Bunsen  burner  underneath. 
An  inner  copper  vessel  is  immersed  in  this  outer  vessel,  and  contains  a 


FIG.  218. 


FIG.  219. 


hollow  frame  of  insulating  material,  over  which  is  wound  one  or  more 
coils  of  insulated  wire  of  different  materials,  their  ends  being  connected 
to  the  respective  pairs  of  terminals  on  the  lid  or  cover  to  which  the 
frame  is  fixed.  A  thermometer  dips  into  the  centre  of  the  inner  vessel, 
which  is  provided  with  a  stirrer,  for  the  purpose  of  preserving  uniformity 
of  temperature  of  the  liquid  (usually  oil)  in  which  the  coils  and  frame 
are  immersed. 


Electro=Calorimeter. 

An  electro-calorimeter  for  measuring  the  amount  of  heat  developed 
by  an  electric  current  in  a  given  time  and  obtaining  "Joule's  equiva- 
lent," is  seen  in  Fig.  219.  It  consists  of  a  hollow  cubical  box  from  the 
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top  of  which  hangs,  quite  freely  inside,  a  tin  can  by  its  flange.  Inside 
this  tin  can  hangs  quite  freely  a  copper  can,  the  flanges  of  the  two 
cans  being  separated  by  a  felt  ring.  The  copper  can  is  closed  by  a 
wooden  cover  carrying  two  terminals  connected  to  a  coil,  which  is 
heated  by  the  passage  of  the  current.  A  thermometer,  very  finely 
divided  over  a  short  range,  passes  through  the  lid  into  the  water  con- 
tained in  the  copper  can.  A  stirrer  of  the  form  shown  is  provided 
in  order  to  enable  a  uniformity  of  temperature  to  be  obtained  through- 
out the  water.  It  will  thus  be  seen  that  very  little  heat  is  lost  through 
conduction,  and,  suitable  precautions  being  taken,  not  much  is  lost  by 
radiation  from  the  copper  calorimeter. 


Condensers. 

Fig.  220  shows  a  general  view  of  the  Kelvin  standard  air  Leyden 
condenser,  and  Figs.  221  and  222  a  plan  and  sectional  elevation  of  the 


FIG.  220. 


same.  The  instrument  is  formed  by  two  mutually  insulated  metallic 
pieces,  which  we  shall  call  A  and  B,  constituting  the  two  systems  of 
the  air  condenser,  or  Leyden.  The  systems  are  composed  of  parallel 
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plates,  each  set  bound  together  by  four  long  metal  bolts.  The  two 
extreme  plates  of  set  A  -are  circles  of  much  thicker  metal  than  the 
rest,  which  are  all  squares  of  thin  sheet  brass.  The  set  B  are  all 
squares,  the  bottom  .one  of  which  is  of  much  thicker  metal  than  the 
others,  and  the  plates  of  this  system  are  one  less  in  number  than  the 
plates  of  system  A.  The  four  bolts  binding  together  the  plates  of 
each  system  pass  through  well-fitted  holes  in  the  corners  of  the 
squares  ;  and  the  distance  from  plate  to  plate  of  the  same  set  is 


FIG.  221. 

regulated  by  annular  distance  pieces,  which  are  carefully  made  to  fit 
the  bolt,'  and  are  made  exactly  the  same  in  all  respects.  Each  system 
is  bound  firmly  together  by  screwing  home  nuts  on  the  ends  of  the 
bolts,  and  thus  the  parallelism  and  rigidity  of  the  entire  set  is 
secured. 

The  two  systems  are  made  up  together,  so  that  every  plate  of  B  is 
between  two  plates  of  A,  and  every  plate  of  A,  except  the  two  end 
ones,  which  only  present  one  face  to  those  of  the  opposite  set,  is 
between  two  plates  of  B.  When  the  instrument  is  set  up  for  use, 
the  system  B  rests  by  means  of  the  well-known  "  hole,  slot,  and  plane 
arrangement,"  l  engraved  on  the  under  side  of  its  bottom  plate,  on 
three  glass  columns,  which  are  attached  to  three  metal  screws  working 

1  Thomson  and  Tail's  "Natural  Philosophy,"  §  198,  example  3. 
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through  the  sole  plate  of  system  A.  These  screws  can  be  raised  or 
lowered  at  pleasure,  and  by  means  of  a  gauge  the  plates  of  system  B 
can  be  adjusted  to  exactly  midway  between,  and  parallel  to,  the 
plates  of  system  A.  The  complete  Leyden  stands  upon  three  vulcanite 
feet  attached  to  the  lower  side  of  the  sole  plate  of  system  A. 

In  order  that  the  instrument  may  not  be  injured  in  carriage,  an 
arrangement,  described  as  follows,  is  provided,  by  which  system  B  can 
be  lifted  from  off  the  three  glass  columns  and  firmly  clamped  to  the 
top  and  bottom  plates  of  system  A. 


FIG.  222. 

The  bolts  fixing  the  corners  of  the  plates  of  system  B  are  made 
long  enough  to  pass  through  wide  conical  holes  cut  in  the  top  and 
bottom  plates  of  system  A,  and  the  nuts  at  the  top  end  of  the  bolts 
are  also  conical  in  form,  while  conical  nuts  are  also  fixed  to  their 
lower  ends  below  the  base  plate  of  system  A.  Thumbscrew  nuts,  f, 
are  placed  upon  the  upper  ends  of  the  bolts  after  they  pass  through 
the  holes  in  the  top  plate  of  system  A. 

When  the  instrument  is  set  up  ready  for  use,  these  thumbscrews 
are  turned  up  against  fixed  stops,  £•,  so  as  to  be  well  clear  of  the  top 
plate  of  system  A  ;  but  when  the  instrument  is  packed  for  carriage, 
they  are  screwed  down  against  the  plate  until  the  conical  nuts 

2    A 
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mentioned  above  are  drawn  up  into  the  conical  holes  in  the  top  and 
bottom  plates  of  system  A  ;  system  B  is  thus  raised  off  the  glass  pillars, 
and  the  two  systems  are  securely  locked  together  so  as  to  prevent 
damage  to  the  instrument. 

A  dust-tight  cylindrical  metal  case,  //,  which  can  be  easily  taken 
off  for  inspection,  covers  the  two  systems,  and  fits  on  to  a  flange  on 
system  A.  The  whole  instrument  rests  on  three  vulcanite  legs  attached 
to  the  base  plate  on  system  A  ;  and  two  terminals  are  provided,  one, 
/,  on  the  base  of  system  A,  and  the  other,  j\  on  the  end  of  one  of  the 
corner  bolts  of  system  B. 

Fig.  223  shows  a  standard  adjustable  condenser  in  general  view, 


FIG.  223. 

and  Fig.  224  a  plan  of  the  top  with  the  connections  of  the  five  con- 
densers inside  the  box.     E  and  C  are  the  two  double  terminals  of  the 


FIG.  224. 

condenser,  and  from  the  diagrammatic  figure  it  will  be  noticed  that 
the  manipulation  of  the  plugs  to  insert  capacity  is  just  the  reverse  to 
that  of  an  ordinary  resistance  box,  in  that  you  plug  in  the  front  set  of 
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holes  to  increase  the  terminal  capacity,  since  capacities  in  parallel 
sum  up  like  resistances  in  series. 

It  will  also  be  seen  that  a  plug  inserted  in  a  back  hole  short-circuits 
that  particular  condenser,  and  any  of  the  others  that  may  be  in, 
providing  a  plug  is  also  in  the  front  hole  of  the  same  condenser. 


Hughes'  Magnetic  Balance. 

A  form  of  Hughes'  magnetic  balance,  which  is  useful  for  rapidly 
determining  the  relative  magnetic  qualities  of  two  or  more  samples  of 
material,  is  shown  in  Fig.  225.  It  consists  of  a  long  bench  or  table 
supported  on  two  standards  on  a  base  fitted  with  levelling  screws.  At 
one  end  (the  right-hand)  of  this  raised  bench  is  a  magnetizing  solenoid, 


FIG.  225. 

in  which  is  inserted  the  specimen  to  be  tested,  and  at  the  other  a  small 
balancing  solenoid  to  neutralize  the  inductive  effect  of  the  magnetizing 
coil  by  itself  on  a  magnetometer  needle  suspended  between  the  two 
coils.  A  permanent  steel  compensating  magnet  (seen  to  the  extreme 
left)  can  be  turned  round  a  pivot  passing  through  the  centre  of  a 
vertical  scale  fixed  to  the  base,  and  its  deflections  made  to  neutralize 
the  various  stages  of  magnetization  of  the  specimen  itself.  The 
method  is  a  "zero"  one,  and  the  indications  or  position  of  the 
magnetometer  needle  is  read  by  forming  an  image  of  a  vertical  pin, 
fixed  just  in  front  of  the  needle  box,  in  the  moving  plane  mirror 
attached  to  the  needle,  which  is  half  covered  by  a  fixed  plane  mirror 
immediately  in  front  of  it.  Thus  the  zero  position  of  the  needle  is 


356 


Apparatzis. 


when  the  two  images  coincide.  Professor  S.  P.  Thompson  has  shown 
that,  when  the  distance  from  needle  to  centre  of  compensating  magnet 
is  2 '3  times  the  latter's  length,  the  angle  through  which  the  magnet 
is  turned  (up  to  60°)  is  proportional  to  the  magnetic  force  due  to  the 
iron  core  or  specimen  in  the  magnetizing  coil. 


Hughes'  Induction  Balance. 

Fig.  226  shows  a  Hughes'  induction  balance,  together  with  the 
interrupter,  telephone,  and  other  accessories.  It  consists  of  two  pairs 
of  flat  circular  coils  supported  as  shown,  one  pair  at  each  end  of  a 
baseboard.  The  bottom  coil  of  each  pair  is  permanently  fixed  on  the 


FIG.  226. 


top  of  a  short  central  pedestal.  These  are  in  series,  and  constitute  the 
primary  coils  of  the  balance,  being  connected  to  two  terminals 
marked  P  on  the  baseboard.  The  other  coil  of  each  pair,  which  is 
supported  close  over  its  respective  primary,  is  a  flat  circular  coil  of 
similar  size,  but  having  a  hole  through  its  centre  large  enough  to 
receive  a  wooden  cup  as  shown.  These  latter  coils,  constituting  the 
secondary  of  the  balance,  go  to  terminals  S.  The  left-hand  one  is 
permanently  fixed  on  the  two  pillars  seen  in  the  figure,  while  the  right- 
hand  one  is  supported  on  three  pillars,  the  two  on  the  extreme  right 
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forming  a  kind  of  axis  or  fulcrum,  about  which  the  coil  can  be  raised 
or  lowered  by  a  set  screw  working  on  the  third  pillar  being  pulled 
downwards  by  an  elastic  band  seen  on  the  hook.  *  A  current  interrupter, 
consisting  of  a  spring  strip  pressing  against,  and  making  electrical 
contact  with,  the  teeth  of  a  toothed  wheel,  which  is  driven'  by  clock- 
work, is  seen  with  its  case  off  between  the  two  pairs  of  coils,  and  is  for 
the  purpose  of  "  making  and  breaking  "  the  primary  circuit  in  which  it 
is  inserted.  A  Bell's  telephone  is  seen  on  the  right  of  it,  and  a  long 
wedge-shaped  metal  strip  of  zinc  fixed  to  a  millimeter  scale  on  the 
left.  This  can  slide  between  the  adjust- 
able guides  seen  on  the  left-hand  top  R 
coil.  Circular  discs  of  various  metals  are 
provided  for  placing  in  the  right-hand 
cup.  It  should  be  understood  that  the 
four  coils  are  as  nearly  alike  in  every 
detail  as  it  is  possible  to  make  them,  both 
as  regards  size,  form,  wire,  number  of 
turns,  etc. 


The   Permeameter. 

A  useful  piece  of  apparatus,  known  as 
the  "  permeameter,"  is  illustrated  in  Fig. 
227,  by  means  of  which  the  magnetic 
quality  of  different  materials  can  easily 
and  rapidly  be  found.  The  method  is 
essentially  a  workshop  one,  and  the  prin- 
ciple of  it  is  due  to  Professor  S.  P. 
Thompson. 

The  arrangement  consists  of  a  some- 
what massive  hollow  rectangular-shaped 
block  of  good  soft  wrought  iron  forged  to 
the  shape  shown.  Inside  this  is  a  mag- 
netizing solenoid  wound  on  a  thin  brass 
tube  with  thin  flanges  or  ends,  its  length  FIG.  227. 

being  just  that   between  the   insides  of 

the  block  ends.  The  sufficiently  long  rod  of  magnetic  material  to 
be  tested,  having  its  lower  end  faced  quite  true,  passes  freely  but 
closely  through  the  top  end  of  the  block,  down  through  the  solenoid, 
and  beds  on  the  carefully  "  faced  "  inside  of  the  bottom  end  of  the 
block.  The  protruding  end  of  the  rod  has  a  metal  pin  through 
it,  which  is  caught  by  a  double  hook  on  the  lower  end  of  an  ordinary 
spring  balance,  the  top  end  of  which  is  suspended  by  a  gut  cord 
passing  over  a  fixed  pulley  and  attached  to  the  lever  shown.  This 
permeameter  is  also  fitted  with  an  arrangement  for  testing  the 
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specimen  ballistically.  It  consists  of  a  small  flat  coil  fixed  to  a  brass 
plate,  which  slides  backwards  and  forwards  between  guides.  The  rod 
passes  through  this  coil  and  beds  as  before  on  the  block,  at  the  same 
time  keeping  the  coil  back  against  the  force  of  two  spring  strips  on  the 
outside  of  the  block.  Immediately  the  rod  is  suddenly  pulled  up  the 
coil  flies  out,  and  a  circuit  joined  to  its  terminals  will  receive  an  electro- 
magnetic impulse  proportional  to  the  field  just  broken.  In  this  way 
the  ballistic  and  traction  methods  can  be  made  to  check  one  another 
in  the  final  results  obtained. 


Standard  Magneto = Inductor. 

In  testing- rooms,  where  there  may  be  masses  of  iron  or  dynamos 
in  the  immediate  vicinity,  the  value  of  H,  the  horizontal  component 
of  the  earth's  magnetic  force,  may  vary  considerably  from  its  orthodox 


FIG.  228. 


value  for  that  year.  In  such  cases  the  ordinary  earth  coil,  or  earth 
inductor,  as  it  is  variously  termed,  is  of  little  or  no  use  in  evaluating 
ballistic  quantities.  A  simple  and  neat  form  of  permanent  standard 
magneto  inductor  has  been  devised  by  Mr.  W.  Hibbert  for  use  in  such 
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cases,  and  is  represented  in  perspective  in  Fig.  228,  and  in  symbolical 
sectional  elevation  in  Fig.  229. 

The  instrument  consists  of  a  hard  permanent  steel  magnet,  NS, 
fixed  at  the  lower  end  to  a  highly  permeable  cast-steel  pole-piece,  P, 
of  the  form  of  a  cup,  and  at 
the  other  end  to  a  flat  cir- 
cular disc,  D,  of  similar 
material.  A  circular  gap, 
g,  is  thus  formed  between  D 
and  P,  just  wide  enough  to 
allow  a  brass  tube  to  slip 
freely  through. 

A  coil  of  fine  wire  is 
wound  on  the  tube,  which 
in  slipping  through  the  gap 
cuts  the  lines  of  force  flow- 
ing across,  and  gives  an 
electro-magnetic  impulse  to 
any  circuit  connected  to 
the  coil  terminals  fixed 
to  the  top  of  the  tube.  Owing  to  the  pole-pieces  forming  a  nearly 
closed  magnetic  circuit,  the  magnet  is  quite  permanent,  and  the  total 
lines  of  force  through  the  gap  are  constant.  This  number  is  usually 
about  20,000,  so  that  the  magneto-inductor  is  much  more  convenient 
than  earth  coils,  which  usually  are  relied  on.  In  Fig.  228  one  tube  is 
just  shown  in  position  for  slipping  through  the  gap,  to  do  which  lightly 
span  the  milled  head  on  its  top  and  turn  slightly,  when  the  tube  will 
drop  by  its  own  weight.  A  spare  tube  is  shown  on  the  left  having  a 
different  number  of  turns,  which  is  often  very  convenient. 


Earth  Coil  or  Inductor. 

A  form  of  ordinary  earth  inductor  or  coil  is  shown  in  Fig.  230.  It 
consists  of  a  hollow  wooden  ring  wound  with  a  large  number  of  turns 
of  insulated  copper  wire,  the  ends  of  which  are  connected  to  the  two 
spindles  which  support  the  coil.  These  spindles  work  in  bearings 
carried  on  the  wooden  framework,  composed  of  two  sides  held  rigidly 
together  by  a  back.  The  two  terminals  of  the  inductor  shown  on  the 
top  of  this  back  are  connected  to  the  two  bearings  respectively,  and 
thence  to  the  coil.  The  advantage  of  this  construction  is  that  the 
coil  will  rotate  freely,  no  matter  which  side  the  inductor  rests  on. 
When  resting  on  its  back,  or  up  against  a  wall,  the  spring  stop  seen  is 
pushed  out  against  the  spring,  and  stops  the  coil  rotating.  This 
arrangement,  however,  is  not  to  be  recommended,  as  it  only  ends  in 
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damaging  the  bearings  of  the  coil,  thus  producing  bad  contact  with 
the  coil. 

Fig.  231  shows  a  model  of  a  two-pole  dynamo  made  for  the  purpose 
of  roughly  investigating  the  distribution  of  the  magnetic  field  under 
various  conditions. 

It  consists  of  an  iron  casting  forming  the  two  pole-pieces  at  the 
top,  the  limbs  at  the  sides,  and  yoke  at  the  bottom.  The  limbs  are 
each  wound  with  a  coil  connected  to  the  centre  and  one  of  the  outside 
terminals  seen  on  the  top,  and  hence  either  coil  can  be  used  separately 
to  magnetize  or  both  together  by  connecting  to  the  two  outside 


FIG.  230. 


FIG.  231. 


terminals.  Four  iron  rings  are  provided  of  the  same  axial  thickness, 
but  having  different  external  and  internal  diameters.  These  are  to 
represent  unwound  armature  cores  of  both  the  ring  and  drum  types, 
and  the  effect  on  the  flow  of  the  lines  of  force  between  the  pole- 
pieces  by  using  them  will,  to  a  certain  extent,  show  the  effect  of  both 
the  length  of  air-gap  and  sectional  area  of  iron  in  the  core  on  the 
magnetic  distribution  generally.  The  whole  is  fixed  and  let  into  a 
baseboard,  so  that  a  sheet  of  thin  cardboard  will  lie  flat  on  the  top. 
The  rings  are  held  concentrically  with  the  pole-pieces  by  slipping  over 
a  central  pin  and  wooden  rings  when  necessary.  The  general  dis- 
tribution of  the  magnetic  field  can  then  be  found  by  sprinkling  iron 
filings  on  the  sheet  of  cardboard  laid  on  the  top  of  this  representative 
machine. 
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TABLE   VI. 

TEMPERATURE  COEFFICIENTS  AND  SPECIFIC  RESISTANCES  OF  PURE 
METALS  AND  ALLOYS  DETERMINED  BY  PROFESSORS  J.  A.  FLEMING 
AND  J.  DEWAR. 


Specific 

Specific 

Metals,  pure, 
soft,  and 
annealed. 

resistance, 
Pi  »n 
microhms, 

temperature 
coefficient,  a, 
between 

Alloys, 
usual  proportions. 

resistance,  p, 
in 
microhms, 

Temperature 
coefficient,  <«, 
at  15°  C. 

per  c.c. 
at  o°  C. 

o°  and  100°  C. 

per  c.c.  at 
o°C. 

Platinum     .  .  . 

lO-Qi; 

0-003669 

Platinum-  silver... 

3I-582 

0-000243 

Gold 

2'197 

0-003770 

,,        -iridium 

30-896 

0-000822 

Palladium   ... 

10-219 

0-003540 

,  ,        -rhodium 

21*142 

0-00143 

Silver 

1-468 

0*004000 

Gold-silver 

6*280 

0*00124 

Copper 

1-561 

0*004280 

Manganese  steel 

67*148 

0-00127 

Aluminium... 

2-665 

0-004350 

Nickel  steel 

29-452 

O'OO2OI 

Iron1 

9-065 

0*006250 

German  silver    ... 

29*982 

0*OC0273 

Nickel 

12-323 

0-006220 

Platinoid 

4I731 

O-OOO3IO 

Tin  

13-048 

0-OC4400 

Manganin 

46-678 

O'OOOOO 

Magnesium... 

4^55 

0-003810 

Silverene 

2*064 

0-00285 

Zinc 

5751 

0*004060 

Aluminium-silver 

4-641 

0-00238 

Cadmium    ... 

10-023 

0-004190 

-copper 

2-904 

0-00381 

Lead 

20-380 

O-OO4HO 

,,        -bronze2 

12-300 

O'OOIO 

Thallium     ... 

1  7  '633 

0-003980 

Reostene2 

76-468 

O'OOIIO 

Mercury 

94-070 

0*000720 

Brass2 

7'2 

— 

Nickelin2 

38-50 

— 

Arc  lamp  carbon  2 

4400-8600 

0*00052 

1  Approximately  pure. 


Not  determined  by  Fleming  and  Dewar. 


TABLE   VII. 
SPECIFIC  HEATS  (REGNAULT). 


Aluminium 

Cobalt     ... 

Nickel     ... 

Iron 

Zinc 

Copper    . . . 

Silver 

Lead 

Bismuth 

Antimony 


0-20566     |     Pewter 

0*10696 

Brass    ... 

0-11095 

Glass    .  .  . 

0*11379 

Platinum 

0-09555 

Gold    ... 

0*09515 

Mercury 

0*05701 

Tin1     ... 

0*03140 

Steel1  ... 

0-03084 

Iridium  l 

0-05077 

Graphite  1 

...  0-05623 

...  0-09391 

...  0-19768 

...  0-03243 

...  0-03244 

...  0-03332 

...  0-0559 

...  0-118 

...  0-0303 
...  0-254-0-467 


Not  by  Regnault. 
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TABLE   VIII. 
ELECTRO-CHEMICAL  EQUIVALENTS,  SPECIFIC  GRAVITIES,  ETC. 


Metal. 

Atomic 

Chemical 
equivalent 

Electro-chemical 
equivalent, 

Weight  in 
grams  per 

Specific 
gravity, 

weight. 

at.  wt. 

grams  per 

hour  deposited 

grams 

~  valency 

coulomb. 

by  i  amp. 

per  c.c. 

Aluminium 

27*0 

9-0 

0-00009317 

Q'3354 

2-6 

Copper  (monad) 

63-I 

63-I 

0-00065735 

2-3665 

8-9 

„      (dyad)   ... 

63-I 

31-6 

0*00032867 

1-1832 

8-9 

Gold        

1967 

65-6 

0*00067806 

2-4410 

I9'3 

Iron  (dyad) 

56 

28 

0-00028986            I  -0431; 

7-85 

Lead        

206'4 

103-2 

0*0010714 

3-857I 

11-4 

Nickel     

58-6 

29-3 

0*00030538 

1-0994 

8-5 

Silver      

108 

1  08 

O*OOIIl8o 

4-0249 

I0'«! 

Tin  (dyad) 

117-8 

58-9 

0*00061077 

2-19*8               7-3 

Zinc         

65 

32'5 

0-00033644 

I'2II2 

7'i 

Hydrogen 

i 

1 

0-OOOOI0352 

0-03738 

0-000090 

TABLE   IX. 

RELATION  BETWEEN  E.M.F.  AND  TEMPERATURE  OF  CLARK  STANDARD 
CELL — MADE  ACCORDING  TO  REGULATIONS. 


Tempe- 
rature, 

°c. 

E.M.F.  in 
legal  volts. 

Tempe- 
rature, 
°C. 

E.M.F.  in 

legal  volts. 

Tempe- 
rature, 
°C. 

E.M.F.  in 

legal  volts. 

6 

'444 

13 

•436 

20 

•428 

7 

'443 

14 

'435 

21 

•427 

8 

•442 

15 

'434 

22 

•426 

9 

•441 

16 

'433 

23 

•425 

10 

•440 

17 

•432 

24 

•424 

ii 

•438 

18 

•431 

25 

•423 

12 

'437 

19 

•430 

26 

•422 

TABLE  X. 
E.M.F.  AND  INTERNAL  RESISTANCE  OF  CELLS. 


Name  of  cell. 

E.M.F.,  legal 
volts. 

Approximate  resistance,  legal  ohms. 

Bichromate  

i'75-  '98 

About  2 

Daniell          

1*07-    -140 

From  0-5  to  6 

Grove 

176-   '934 

From  0-15-0-30 

Bunsen          

173-   '942 

About  same 

Leclanche    

I*402-   '650 

From  about  i"5  to  3 

Clark  (Standard)    ... 
Secondary    

i  '4340 

2"IO 

Almost  anything  up  to  2000 
From  0*0002  upwards 

Tables  of  Constants. 
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TABLE   XL 
RELATION  BETWEEN  PRACTICAL  AND  C.G.S.  (ABSOLUTE)  UNITS. 


Absolute  C.G.S.  units. 

Dimensions. 

units. 

Electro- 
mag- 
netic. 

Electrostatic. 

Electro- 
static. 

Electro- 
magnetic. 

Quantity 

I  coulomb 

10-' 

Z/XIO"1  =  3XI09 

M^L^T"1 

MW 

urrent 

I  ampere 

I0-1 

z/x  lo"1  =  3X  io9 

— 

— 

Potential 

I  volt 

I08 

io8-^  =  £xio~2 

M^L^T"1 

MWx-2 

Resistance 

I  ohm 

I09 

I         t             _n 

L_iT 

LT~l 

v-             sxic 

Capacity 
Self-induction  .  .  . 

I  farad 
I  secohm 

I0~9 
I09 

**x  10-^=9x10" 

L 

L-1T2 

L 

Mutual  induction 

I  secohm 

I09 

— 

— 

L 

Power  

I  watt 

I07 





— 

Work    

I  joule 

I07 

— 

— 

— 

v  =  velocity  of  light  =  3  x  io'°  cms.  per  second. 


TABLE   XII. 

MOLECULAR  CONDUCTIVITY  —  OF  DIFFERENT  ELECTROLYTES  AT  18°  C. 
IN  AQUEOUS  SOLUTION  CONTAINING  /*  EQUIVALENTS  (F.  KOHLRAUSCH;. 

H  =  strength  per  litre  in  gram-equivalents. 

K  =  conductivity  as  compared  to  mercury  at  o°  C. 


KC1. 

NaCl. 

HCl. 

£K2S04. 

*MgS04. 

*H2S04. 

Approximate 
limiting  values. 

io8— 
M 
1230. 

io8- 
1040. 

IQ9M 
3550- 

1290. 

io8— 

IIOO. 

M 
3800. 

ft  =  O'OOOI 

1215 

1026 

3500      1125 

1034 

3580 

2 

I2IO 

IO2I 

3490 

I240 

1015 

3520 

5 

1  201 

1016 

3480 

1224 

976 

3440 

O'OOI 
2 

"93 
1185 

1008 

999 

3460 

3455 

1207 

1181 

III 

3350 
3250 

s 

Il65 

981 

3445 

1140 

790 

3050 

O'OI 

1147 

962 

1098 

715 

2860 

2 

1123 

938 

3390 

1044 

632 

2650 

5 

1083 

897 

3330 

959 

534 

2340 

O'l 
2 

1047 
1009 

865 
826 

3240 

897 
832 

408 

2090 
1960 

5 

958 

757 

3020 

736 

330 

1900 

917 

696 

2780 

672 

271 

1820 

2 

864 

604 

2340 



202 

1700 

5 

— 

398 

1420 

— 

82 

1270 

10 

— 

eoo 

•  — 

— 

655 

20 

— 

— 

— 

— 

— 

147 

50 

~ 

" 

_ 

~ 

30 
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Useful  Data. 

Base  of  hyperbolic  or  Napierian  logarithms  e  =  271828. 
To  convert  common  into  Napierian  logarithms,  multiply  by  2*30258. 
To  convert  Napierian  into  common  logarithms,  multiply  by  0-43429. 
Ratio  of  circumference  of  circle  to  its  diameter,  TT  =  3*14159. 

log  ir  =  0-49715. 
Angle  subtended  by  arc  equal  to  radius  =  Radian  =  57°  17'  45" 


Length  of  circumference  of  circle  of  radius  r  -  2vr  -  vd. 

+2 

Area  of  circumference  of  circle  of  radius  r  —  -xr'1  =  -  -  =  7854^'- 

Metre  in  inches  ......  ......     39'37O43 

Foot  in  centimetres        ...         ...         ...         ...     30*4797 

Inch  in  centimetres        ............       2*54 

Square  inch  in  square  cms  .......         ...       6*451 

i  Ib.  (avoir.)  in  grams    ............  453*593 

Equivalent  of  I  watt  in  foot-lbs.  per  second  ...       0*7373 
i  weber  =  3  x  io10  electrostatic  C.G-S.  units  =  io8  electromagnetic 
C.G.S.  units  of  induction. 

Joule's  equivalent  =  1390  Ib.-cent.  units  =  4*156  x   io7  ergs    per 
gram  °  C. 

Revolution  per  second  in  radians  per  second,  6'2832. 
Acceleration  due  to  gravity,  £*,  at  Greenwich  in  ft.-seconds,  32*1908. 
A  bismuth-copper  element  junctions  at  o°  C.  and  100°  C.,  E.M.F. 
=  0-005476  volt. 

Density  of  mercury,  13*596  grms.  per  c.c. 
„  platinum,  21*45      „ 


LOGARITHMS,    ANTILOGA 
RITHMS,    ETC. 
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Logarithms,  Antilogarithms,  etc. 


LOGARITHMS. 


0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1  2 

3  4 

5 

6  7 

8  9 

10 

0000 

0443 

0086 

0128 

0170 

O2I2 

0253 

0294 

0334 

0374 

4  8 

12  I7 

ai 

25  29 

33  37 

11 

0414 

0453 

0492 

0531 

0569 

0607 

0645 

0682 

0719 

0755 

4  8 

II  15 

19 

23  26 

3°  34 

12 

0792 

0828 

0864 

0899 

0934 

0969 

1004 

1038 

1072 

1106 

3  7 

10  14 

X7 

21  24 

28  31 

13 

H39 

H73 

1206 

1239 

1271 

!3°3 

1335 

1367 

1399 

1430 

36 

10  13 

16 

I9  23 

26  29 

14 

1461 

1492 

!523 

1553 

1584 

1614 

1644 

1673 

1703 

1732 

36 

9  12 

IS 

18  21 

24  27 

15 

1761 

1790 

1818 

1847 

1875 

1903 

1931 

1959 

1987 

2014 

36 

8  ii 

14 

17  2O 

22  25 

16 

2041 

2068 

2095 

2122 

2148 

2175 

220  1 

2227 

2253 

2279 

3  5 

8  ii 

*3 

16  18 

21  24 

17 

23°4 

2330 

2355 

2380 

2405 

2430 

2455 

2480 

2504 

2529 

2  5 

7  10 

12 

15  17 

20  22 

18 

2553 

2577 

2601 

2625 

2648 

2672 

2695 

2718 

2742 

2765 

2  5 

7  9 

12 

14  16 

19  21 

19 
20 

2788 
3010 

2810 
3032 

2833 
3054 

2856 
3°75 

2878 
3096 

2900 
3118 

2923 
3139 

2945 
3160 

2967 
3181 

2989 
3201 

2  4 
2  4 

I  I 

XX. 
XX 

13  16 
13  15 

l8  2O 
17  19 

21 

3222 

3243 

3263 

3284 

3304 

3324 

3345  3365 

3385 

3404 

2  4 

6  8 

10 

12  14 

16  18 

22 

3424 

3444 

3464 

3483 

3502 

SS22 

354i 

356° 

3579 

3598 

2  4 

6  8 

10 

12  14 

15  17 

23 

3617 

3636 

3655 

3674 

3692 

3729 

3747 

3766 

3784 

4 

6  7 

9 

II  13 

15  17 

24 

3802 

3820 

3838 

3856 

3874 

3892 

3909 

3927 

3945 

3962 

4 

5  7 

9 

II  12 

14  16 

25 

3979 

3997 

4014 

4031 

4048 

4065 

4082 

4099 

4116 

4133 

3 

5  7 

9 

10  12 

14  15 

26 
27 

4150 
43H 

4166 
4330 

4183 
4346 

4200 
4362 

4216 
4378 

4232 
4393 

4249 
4409 

4265 
4425 

4281 
4440 

4298 
4456 

3 
3 

i  6 

8 
8 

IO  II 

9  ii 

13  15 
13  14 

28 

4472 

4487 

4502 

4518 

4533 

4548 

4564 

4579 

4594 

4609 

3 

5  6 

8 

9  n 

12  14 

29 

4624 

4639 

4654 

4669 

4683 

4698 

4713 

4728 

4742 

4757 

3 

4  6 

7 

9  10 

12  13 

30 

4771 

4786 

4800 

4814 

4829 

4843 

4857 

4871 

4886 

4900 

3 

4  6 

7 

9  10 

II  13 

31 

4914 

4928 

4942 

4955 

4969 

4983 

4997 

5011 

5024 

5038 

3 

4  6 

7 

8  10 

II  12 

32 

5051 

5065 

5079 

5092 

5105 

5H9 

5i45 

5159 

5172 

3 

4  5 

7 

8  9 

II  12 

33 

5185 

5198 

5211 

5224 

5237 

5250 

5263 

5276 

5289 

3 

4  '  5 

6 

8  9 

IO  12 

34 

53*5 

5328 

5340 

5353 

5366 

5378 

54°3 

54i6 

5428 

3 

4  5 

6 

8  9 

IO  II 

35 

544i 

5453 

5465 

5478 

549° 

55r4 

5527 

5539 

5551 

2 

4  5 

6 

7  9 

IO  II 

36 
37 
38 

55*3 
5682 

579s 

5575 
5694 
5809 

5587 
5705 
5821 

5599 
5717 
5832 

5611 
5729 
5843 

5623 
5740 
5855 

5635  5647 

57525763 
5866,5877 

5658 
5775 
5888 

5670 
5786 
5899 

2 
2 
2 

4  5 
3  5 
3  5 

6 
6 
6 

7  8 
7  8 
7  8 

10  II 

9  10 

9  10 

39 

59H 

=1922 

5933 

5944 

5955 

5966 

5977  5988 

5999 

6010 

2 

3  4 

5 

7  8 

9  10 

40 

6021 

6031 

6042 

6053 

6064 

6075 

6085  6096 

6107 

6117 

2 

3  4 

5 

6  8 

9  10 

41 

6128 

6138 

6149 

6160 

6170 

6180 

6191 

6201 

6212 

6222 

2 

3  4 

5 

6  7 

8  9 

42 

6232 

6243 

6253 

6263 

6274 

6284 

6294 

6304 

63H 

6325 

2 

3  4 

5 

6  7 

8  9 

43 

6335 

6345 

6355 

6365 

6375 

6385 

6395  6405 

6415 

6425 

2 

3  4 

5 

6  7 

8  9 

44 

6435 

6444 

6454 

6464 

6474 

6484 

6493  6503 

6522 

2 

3  4 

5 

6  7 

8  9 

45 

6532 

6542 

6561 

6571 

6580 

6590 

6599 

6609 

6618 

2 

3  4 

5 

6  7 

8  9 

46 

6628 

6637 

6646 

6656 

6665 

6675 

6684 

6693 

6702 

6712 

2 

3  4 

5 

6  7 

7  8 

47 

6721 

6730 

6739 

6749 

6758 

6767 

6776  6785 

6794 

6803 

2 

3  4 

5 

5  6 

7  8 

48 

6812 

6821 

6830 

6839 

6848 

6857 

6866 

6875 

6884 

6893 

2 

3  4 

4 

5  6 

7  8 

49 

6902 

6911 

6920 

6928 

6937 

6946 

6955 

6964 

6972 

6981 

2 

3  4 

4 

5  6 

7  8 

50 

6990 

6998 

7007 

7016 

7024 

7033 

7042 

7050 

7059 

7067 

2 

3  3 

4 

5  6 

7  8 

51 

7076 

7084 

7093 

7101 

7110 

7118 

7126 

7i35 

7i43 

7152 

2 

3  3 

4 

5  6 

7  8 

52 

7160 

7168 

7177 

7185 

7*93 

7202 

7210 

7218 

7226 

7235 

2 

2  3 

4 

5  6 

7  7 

53 

7243 

7251 

7259 

7267 

7275 

7284 

7292 

7300 

7308 

7316 

2 

2  3 

4 

5  6 

6  7 

54 

7324 

7332 

734° 

7348 

7356 

7364 

7372 

7380 

7388 

7396 

2 

2  3 

4 

5  6 

6  7 
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55 


8   9 


404  7412  7419  7427  7435J7443  7451  7459  7466  7474 

7482  7490  7497  7505  75I3I7520  7528  7536  75437551 

7559  7566  7574  7582'7589|7597  7604  7612  7619  7627 

7634  7642  7649  7657  766417072  7679  7686  7694  77°! 

709  7716  7723  7731  773817745  7752  776o  7767  7774 

782  7789  7796  780317810(7818  7825  7832  7839  7846 


61 


70 


8451 


76 

77 


89 
90 


I 
3  7860  7868  7875  7882(7889 


/"OJ  /««**  /**»»»»  /~/ 3  jwf*iw^  j ^v^j/ywj  /y*-**  /y*-/ 

7924  7931  7938  79451795^7959  7966  7973  798o  7987 


7993  8000  8007  8014  8021(8028 
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908; 
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9685 
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86 
3219238 
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L  ogarith  ms,  A  n  tilogarith  ms,  etc, 

ANTILOGARITHMS. 
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2125 

2134 

2144 

2153 

2162 

2172 

2181 

2190 

2200 

2 

3  4 

I 

6  7 

8  9 

47 

2209 

2218 

2228 

2237 

2247 

2256 

2266 

2275 

2285 

2294 

2 

3  4 

r 

6  7 

8  9 

48 

2304 

2314 

2323 

2333 

2343 

2352 

2362 

2372 

2381 

2391 

2 

3  4 

^ 

6  7 

8  9 

49 

2401 

2411 

2421 

2430 

2440 

2450 

2460 

2470 

2480 

2490 

2 

3  4 

^ 

6  7 

8  9 

50 

2500 

2510 

2520 

2530 

2540 

255° 

2560 

2570 

2581 

2591 

2 

3  4 

^ 

6  7 

8  9 

51 

2601 

2611 

2621 

2632 

2642 

2652 

2663 

2673 

2683 

2694 

2 

3  4 

^ 

6  7 

8  9 

52 

2704 

2714 

2725 

2735 

2746 

2756 

2767 

2777 

2788 

2798 

2 

3  4 

^ 

6  8 

9  10 

53 

2809 

2820 

2830 

2841 

2852 

2862 

2873 

2884 

2894 

2905 

2 

3  4 

6 

7  8 

9  10 

54 

2916 

2927 

2938 

2948 

2959 

2970 

2981 

2992 

3003 

3014 

2 

3  5 

6 

7  8 

9  10 

Squares  from  i  to    3  contain  i  figure. 
»  »       4  t°    9      )>        2  figures. 

>»  »      10  to  31       ,,        3       ,, 

„      32*099      ,.        4%     „ 


Squares  from    100  to      316  contaia  5  figures. 
,,     *S    »»        31?  to      999        »»        6      » 
,,  ,,      looo  to    3162        „        7      ,, 

3163  to  loooo 


The  differences  for  squares  from  3171  to  3199  are  i,  i,  2,  3,  3,  4,  5,  5,  6. 
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SQUARES   OF   NUMBERS  FROM    i  TO   10000,    CORRECT  TO   FOUR 
SIGNIFICANT  FIGURES. 


0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1  2 

3  4 

5 

6  7 

8  9 

55 

3°25 

3<>36 

3047 

3058 

3069 

3080 

3091 

3102 

3H4 

3i25 

I   2 

3  5 

6 

7  8 

9  10 

56 

3136 

3H7 

3158 

3170 

3181 

3192 

3204 

3215 

3226 

3238 

I   2 

4  5 

6 

7  8 

9  10 

57 

3249 

3260 

3272 

3283 

3295 

3306 

33i8 

3329 

334i 

3352||  I   2 

4  5 

6 

7  8 

9  ii 

58 

3364 

3376 

3387 

3399 

34ii 

3422 

3434 

3446 

3457 

3469|   24  5 

6 

7  8 

IO  II 

59 

348i 

3493 

35°5 

35i6 

3528 

354° 

3552 

3564 

3576 

3588:   3 

4  5 

6 

7  8 

10  II 

60 

3600 

3612 

3624 

3636 

3648 

3660 

3672 

3684 

3697 

3709 

3 

4  5 

6 

7  9 

10  11 

61 

3721 

3733 

3745 

3758 

377° 

3782 

3795 

3807 

3819 

3832 

3 

4  5 

6 

8  9 

10  II 

62 

3844 

3856 

3869 

3881 

3894 

3906 

3919 

3931 

3944 

3956 

3 

4  5 

6 

8  9 

10  II 

63 

3969 

3982 

3994 

4007 

4020 

4032 

4045 

4058 

4070 

4083 

3 

4  5 

8  9 

IO  12 

64 

4096 

4109 

4122 

.4134 

4H7 

4160 

4i73 

4186 

4199 

4212 

3 

4  5 

8  9 

10  12 

65 

4225 

4238 

4251 

4264 

4277 

4290 

43°3 

43i6 

4330 

4343 

3 

4  5 

8  .  9 

II  12 

66 

4356 

4369 

4382 

4396 

4409 

4422 

4436 

4449 

4462 

4476 

i  3 

4  5 

8  9 

II  12 

67 

4489 

4502 

45l6 

4529 

4543 

4556 

4570 

4583 

4597 

4610 

2  3 

4  6 

8  10 

II  12 

66 

4624 

4638 

4651 

4665!  4679 

4692 

4706 

4720 

4733 

4747 

2  3 

4  6 

8  10 

II  12 

69 

4761 

4775 

4789 

4802 

4816 

4830 

4844 

4858 

4872 

4886 

2  3 

4  6 

8  10 

II  13 

70 

4900 

4914 

4928 

4942 

4956 

4970 

4984 

4998 

5013 

5027 

2  3 

4  6 

9  10 

II  13 

71 

5°4i 

5055 

5069 

5084 

5098 

5112 

5127 

SHi 

5i55 

5i7<> 

2  3 

4  6 

9  10 

12  13 

72 

5184 

5*98 

52I3 

5227 

5242 

5256 

5271 

5285 

53°° 

53H 

2  3 

5  6 

9  10 

12  13 

73 

5329 

5344 

5358 

5373 

5388 

5402 

5417 

5432 

5446 

546i 

2  3 

5  6 

8 

9  10 

12  13 

74 

5476 

549i 

55o6 

5520 

5535 

555° 

5565  558o 

5595 

5610 

2  3 

5  6 

8 

9  n 

12  14 

75 

5625 

5640 

5655 

5670 

5685 

5700 

5715 

573° 

5746 

576i 

2  3 

5  6 

8 

9  ii 

12  14 

76 

5776 

579i 

5806 

5822 

5837 

5852 

5868 

5883 

5898 

59H 

2  3 

5  6 

8 

9  " 

12  14 

77 

5929 

5944 

5960 

5975 

599i 

6006 

6022 

6037 

6053 

6068 

2  3 

5  6 

8 

9  ii 

13  X4 

78 

6084 

6100  6115 

6131 

6147 

6162 

6178 

6194 

6209 

6225 

2  3 

5  6 

8 

IO  II 

13  H 

79 

6241 

6257  6273 

6288 

6304 

6320 

6336 

6352 

6368 

6384 

2  3 

5  7 

8 

IO  II 

13  H 

80 

6400 

6316 

6432 

6448 

6464 

6480 

6496 

6512 

6529 

6545 

2  3 

5  7 

8 

10  II 

13  15 

81 

6561 

6577 

6593 

6610 

6626 

6642 

6659 

6675 

6691 

6708 

2  3 

5  7 

8 

10 

13  15 

82 

6724  6740  6757 

6773 

6790 

6806 

6823 

6839 

6856 

6872 

2  3 

5  7 

8 

10 

13  15 

83 

6889  6906  6922 

6939 

6956 

6972 

6989 

7006 

7022 

7039 

2  3 

5  7 

IO 

14  15 

84 

7056  7073 

7090 

7106 

7123 

7140 

7157 

7174 

7191 

7208 

2  4 

5  7 

10 

H  15 

85 

7225  7242 

7259 

7276 

7293 

7310 

7327 

7344 

7362 

7379 

2  4 

5  7 

10 

14  16 

86 

7396  7413 

7430 

7448 

7465 

7482 

7500 

7517 

7534 

7552 

2  4 

5  7 

II 

14  16 

87 

7569!  7586 

7604!  7621 

7639 

7656 

7674 

7691 

7709 

7726 

2  4 

5  7 

II 

14  16 

88 

7744 

7762 

7779 

7797 

7815 

7832 

7850 

7868 

7885 

7903 

2  4 

5  7 

II  ^ 

14  16 

89 

7921 

7939 

7957 

7974 

7992 

8010 

8028 

8046 

8064 

8082 

2  4 

6  7 

II  } 

14  16 

90 

8100 

8118 

8136 

8i54 

8172 

8190 

8208 

8226 

8245 

8263 

2  4 

6  7 

II  ] 

15  16 

91 

8281 

8299 

8317 

8336 

8354 

8372 

8391 

8409 

8427 

8446 

2  4 

6  7 

II  13 

i5  17 

92  8464 

8482 

8501 

8519 

8538 

8556 

8575 

8593 

8612 

8630 

2   4 

6  8 

II  1315  17 

93  8649 

8668 

8686 

8705 

8724 

8742 

8761  8780 

8798 

8817 

2  4 

6  8 

10 

II  13 

i5  17 

94 

8836 

8855 

8874 

8892 

8911 

8930 

8949 

8968 

8987 

9006 

2  4 

6  8 

TO 

II  13 

i5  17 

95 

9025 

9044 

9063 

9082 

9101 

9120 

9139 

9158 

9178 

9197 

2  4 

6  8 

10 

12  14 

15  17 

96 

9216 

9235 

9254 

9274 

9293 

9312 

9332 

935i 

9370 

9390 

2  4 

6  8 

TO 

12  14 

16  18 

97 

9409!  9428  9448  9467 

9487 

9506 

9526)  9545 

9565  9584 

2  46  f 

IO 

12  I^ 

16  18 

98 

9604 

9624  9643 

9663  9683 

9702 

9722 

9742 

97611  9781 

2  46  8 

T( 

12  I^ 

16  18 

99 

9801 

98211  9841 

9860  9880 

9900 

9920 

9940 

9960  9980 

2  4 

6  8 

IO 

12  14 

16  18 

Squares  from    i  to    3  contain  i  figure. 
.,  ,,        4  to    9      ,,        2  figures. 

,,  „      10  to  31       „        3       ,, 

,,  „      32  to  99       „        4       „ 


Squares  from    100  to      316  contain  5  figures. 
M  »        317  to      999       ,,        6       „ 

„  „      1000  to    3162       „        7       „ 

'.i          »      3J63  to  loooo      ,,       8       „ 


378  Logarithms,  Antiloganthms,  etc. 

RECIPROCALS  OF   NUMBERS  FROM   i   TO  9999. 


0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1  2 

3  4 

5 

6  7 

8  9 

10 

0000 

9901 

9804 

9709 

96l5 

9524 

9434 

9346  9259 

9J74 

9  18 

2736 

45 

54  63 

72  81 

11 

12 

9°9i 
8333 

£3 

8929 
8197 

8850 
8130 

8772 
8065 

8696 
8000 

862185478475 
7937  7874  7813 

8403 

7752 

8,16 
6  13 

2331 

19  26 

38 
32 

46  53 
38  45 

61  68 
5i  57 

13 
14 
15 

7692 

7143 
6667 

7634 
7092 
6623 

7576 
7042 

6579 

75i9 
6993 
6536 

7463 
6944 
6494 

7407 
6897 
6452 

73537299 
6849  6803 
6410  6369 

7246 

6757 
6329 

7194 
6711 
6289 

5  ii 
5  9 
5  9 

l6  22 
14  19 
13  17 

27 
23 

21 

32  38 
28  33 
25  29 

43  49 
37  42 
34  38 

16 
17 

6250 
5882 

6211 

5848 

6173 
5814 

6i35 
5780 

6098 

5747 

6061 

6024^988  5952 
5682565015618 

5917 
5587 

4  8 

3  6 

10  13 

19 

16 

22  26 
I9  23 

30  33 
26  29 

18 

5556 

5525 

5495 

5464 

5435 

5405 

5376  5348  5319 

52913  6 

8  ii 

14 

17  20 

23  26 

19 

5263 

5236 

5208 

5181 

5128 

5102^5076  5051 

5025  3  5 

8  10 

13 

16  18 

21  23 

20 

5000 

4975 

495° 

4926 

4902 

4878 

485448314808 

4785 

2  5 

7  10 

12 

14  17 

19  21 

21 
22 

4762 

4545 

4739 

4525 

4717 
4505 

4695 
4484 

4673 
4464 

4651 
4444 

463046084587 
4425  4405  4386 

4566 
4367 

2  4 

2   4 

6  9 
6  8 

II 
IO 

13  15 
ii  13 

17  19 
15  I? 

23 
24 
25 

4348 
4167 
4000 

4329 
4149 

3984 

43io 
4132 
3968 

4292 
4H5 
3953 

4274 
4098 

3937 

4255 
4082 
3921 

4237  4219  4202 
4065  4049  4032 
3906  3891  3876 

4184 
4016 
3861 

2  3 

2   4 

i  3 

5  7 

9 
9 
7 

II  12 
10  12 

9  10 

14  16 

14  Z5 
12  13 

26 

3846 

3831 

3817 

3802 

3788 

3774 

3759 

3745 

373i 

3717 

i 

4  5 

7 

8  9 

II  12 

27  3704 

3690 

3676 

3663 

3650 

3636 

3623  3610  3597 

3584 

i 

4  5 

6 

8  9 

IO  12 

28  357i 

3559 

3546 

3534 

352i 

3509 

3497  3484  3472 

3460 

2 

4  5 

6 

8  9 

IO  II 

29 

3448 

3436 

3425 

34J3 

340i 

3390 

3378  3367  3356 

3344 

i  ^ 

4  5 

6 

7  8 

9  ir 

30 

3333 

3322 

33*i 

330° 

3289 

3279 

3268 

3257 

3247 

3237 

i  c 

4  5 

6 

7  8 

9  10 

31 
32 
33 
34 

3226 
3125 
303° 
2941 

3215 
3^5 
3021 

2933 

3205 
3106 
3012 
2924 

3J95 
3096 

30^3 
2Qie; 

3i85 
3086 

2994 
2907 

3175 
3077 
2985 
2899 

3165 
3067 
2976 
2890 

3155 
3058 
2967 
2882 

3i45 
3049 
2959 
2874 

3135 
3040 
2950 
2865 

2 

I 
I 
0 

4  5 
3  4 
3  4 
2  3 

6 
5 
4 
4 

7  8 

6  I 

5  6 

5  5 

9  10 
8  9 
7  8 
6  7 

35 

2857 

2849 

2841  2833 

2825 

2817 

2809  2801 

2793 

2785 

1 

3  3 

4 

5  6 

7  7 

36 
37 

2778 
2703 

2770 
2695 

2762,2755 
26882681 

2747 
2674 

2740 
2667 

273227252717 
2660  2653  2646 

2710 
2639 

I 
I 

3  3 
3  3 

4 
4 

5  6 

5  5 

6  7 
6  7 

38 

2632 

2625 

2618 

2611 

2604 

2597 

2591 

25842577 

257i 

O 

2 

3 

4  4 

5  6 

39 
40 

2564 
2500 

2558 
2494 

2551 
2488 

2545 
2481 

2538 
2475 

2532 
2469 

2525 
2463 

25192513 
2457  2451 

2506 
2445 

I 
I  I 

3 

2 

4 
3 

4  5 
4  4 

6  6 

5  5 

41 

2439 

2433 

2427 

2421 

2415 

2410 

2404 

2398 

2392 

2387 

I   2 

3 

3 

4  5 

5  6 

42 

2381 

2375 

2370 

2364 

2358 

2353 

2347 

2342 

2336 

2331 

I   I 

2 

3 

3  4 

5  5 

43 

2326 

2320 

23T5 

2309 

2304 

2299 

2294 

2288 

2283 

2278 

I   I 

2 

3 

3  4 

4  5 

44 

2273 

2268 

2262 

2257 

2252 

2247 

2242  2237 

2232 

2227 

O   I 

2 

2 

3  3 

4  4 

45 

2222 

2217 

2212 

2208 

2203 

2198 

2193 

2188 

2183 

2179 

I   I 

2 

3 

3  4 

4  5 

46 

2174 

2169 

2165 

2160 

2155 

2151 

2146 

2141 

2137 

2132 

0   0 

I 

2 

2  3 

3  4 

47 

2128 

2123 

2119 

2114 

2IIO 

2105 

2IOI 

2096  2092 

2088 

O   I 

2 

2 

2  3 

3  4 

48 

2083 

2079 

2075 

2070 

2066 

2062 

2058 

20532049 

2045 

I  I 

2 

2 

3  3 

4  4 

49 

2041 

2037 

2033 

2028 

2O24 

2020 

.2016 

2012^008 

2004 

0   I 

2 

2 

2  3 

3  4 

50 

2000 

1996 

1992 

1988 

1984 

1980 

1976 

1972 

1969 

1965 

0   I 

I 

2 

2  3 

3  3 

51 

1961 

1957 

J953 

1949 

1946 

1942 

1938 

1934 

1927 

t  I 

2 

2 

3  3 

3  4 

52 

1923 

1919 

1916 

1912 

1908 

!9°5 

1901 

1898  1894 

1890 

I  I 

2 

2 

3  3 

3  4 

53 

l887 

1883 

!88o 

1876 

1873 

1869 

1866 

1862  1859 

i855 

0   I 

I 

2 

2   2 

3  3 

54 

I852 

1848 

i845 

1842 

1838 

1835 

1832 

1828  1825 

1821 

I  I 

2 

2 

2   3 

3  3 

Reciprocals  from    2  to  10  .  =  o' 


Reciprocals  from  101  to  1000  =  o'oo 
looi  to  9999  =  o'ooo 


,,  ,,      ii  to  loo  =  09  ,»  »>       •"•     •  «**  yv^ 

NOTE. — Numbers  in  difference  columns  to  be  subtracted,  not  added. 
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0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1  2 

3  4 

5 

6  7 

8  9 

55 

1818 

18151812 

1808 

1805 

1802 

1799 

1795 

1792 

1789 

I  I 

I   2 

2 

2  3 

3  3 

56 

1786 

1783  1779 

1776 

1773 

1770 

1767 

1764 

176111757 

I  I 

I  I 

2 

2   2 

3  3 

57 

1754 

1751  1748 

1745 

1742 

J739 

1736 

1733  J73Q  1727 

0   I 

I  I 

I 

2   2 

2  3 

58  1724 

1721  1718 

1715 

1712 

1709 

1706 

1704  1701 

1698 

o  o 

I  I 

I 

I   2 

2   2 

59  i69, 

1692  1689 

1686 

1684 

1681 

1678 

1675  J672 

1669 

I  I 

I   2 

2 

2   2 

3  3 

60 

1667 

1664,1661 

1658 

1656 

J653 

1650 

16471645 

1642 

0   I 

I  I 

2 

2   2 

2  3 

61 

1639 

16371634 

1631 

1629 

1626 

1623 

1621  1618 

1616 

0   I 

I  I 

I 

2   2 

2   2 

62 

1613 

1610  1608 

1605 

1603 

1600 

1597 

i595;I592 

1590 

0   I 

I  I 

I 

2   2 

2   2 

63  1587 

1585  1582 

1580 

1577 

1575 

r572 

1570  1567  1565 

I  I 

I  I 

2 

2   2 

2   3 

64 
65 

!53* 

156015581155511553 
'536  J534  J531  1529 

i55o 
1527 

1548 
1524 

1546'  1543  1541 
1522  152011517 

0   0 

I  I 

O   I 

I  I 

I 

2 

I   I 
2   2 

2   2 
2   2 

66 
67 

I5i5 

151315111508 

1506 

T  .  Q  . 

1504 

1502 

1499(1497  1495 

I  I 

I  I 

I 

2   2 

2   2 

VF  i 

68 

1471 

1468  1466:1474)1462 

1460 

1479 
1458 

J477 
1456 

1453  1451 

O   C 
O   I 

I  I 

I 

2   2 

2   2 

69. 
70 

1449 

i  j  o£ 

1447  '1445  1443 

1441 

T/1OO 

r439 
1418 

1437 

I4l6 

J435 

III 

*433 

14X2 
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52.  ,,             ,,             „                    ,.                   electrometer  method  87 
47.          ,,             ,,             ,,                    ,,                  equal  deflection  (shunt) 

method .... 80 

45.  Battery,  internal  resistance,  measurement  by  fall  of  potential  method  77 

46.  „             ,,             ,,                     „                   half-deflection        .,  79 

49.  ,,             ,,             ,.                    ..                   Mance's                 .,  82 
,,         secondary 337 
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39.  Bridge  wire,  calibration  by  Carey-Foster's  method  of  a  metre  .      .  68 

40.  ,,         „             „                Gray's              ,,                                  .      .  70 
Bridges,  circular  multiple  metre 318 

,,          Kohlrausch 344. 

„          Post-office  Wheatstone 319 

,,          standard  dial , 320 

,,          temperature  coefficient 317 

,,          Wheatstone  metre      .           315 

C 

Cahart-Clark  standard  cell,  description  of      .      ....      .      .      .  340 

Calorimeter,  description  of  a  form  of  electro-      ......  350 

106.     Capacities  in  series  and  parallel,  laws  of  combination  of      ...  190 

,,                 ,,             ,,              proof  of  laws  of  combination       .  248 

,,          proof  of  formulae  for  the  comparison  of 243 

96.  Capacity,  comparison  of,  ballistically  by  direct  deflection  method  .  173 

97.  „                     ,,              by  De  San ty's  Wheatstone  bridge  method  176 

103.  ,,                     ,,                   differential  galvanometer  method        .  186 

104.  ,,                     ,,                    method  of  divided  charge  ....  187 

98.  ,,                    ,,                   secohmmeter  method 178 

102.  ,,  ,,  Siemens's       continued        subtraction 

method 185 

IOI.     Capacity,  comparison  of,  by  Thomson's    (Lord   Kelvin's)  method 

of  mixtures 182 

99.  Capacity,  comparison  of,  the  Wheatstone  bridge  method     .   '  .      .  179 

„          dimensions  of 167 

93.           ,,           introductory  to  absolute  and  comparative  determinations  166 

loo.           „          of  condensers,  absolute  measurement  of,  ballistic  method  181 

!07.           „                     ,,             constancy  of,  proof  ballistically     ...  191 

105.  ,,           (specific  inductive)  of  dielectrics,  measurement  of    .      .  188 

Carbon  megohm 314 

Carbonized  cloth  rheostat 309 

Centi-ampere  balance,  description  of  the  Kelvin 274 

Charge  and  discharge  key  of  high  insulation  double  lever    .      .      .  329 

,,                »                   »                  »            single      ,,       .      .      .  328 

Chemical  equivalents,  table  of 364 

66.     Clark  standard  cell,  preparation  of 107 

Clark's  cells,  table  of  E.M.F.'s  at  different  temperatures  of      .      .  364 

Coefficient  of  mutual  induction 194 

,,              self-induction 193 

Commutators,  Pohl's 330 

Condenser,  description  of  a  standard  adjustable  form  of      ...  354 

,,                     ,,              the  Kelvin  air  Leyden 351 

95.  ,,  discharge,  relation  between  "  time  constant "  and  current 

in  a,  by  Siemens's  deflection  method 171 

94.     Condensers,   determination  of  leakage,   absorption,    and   residual 

charge  in 169 

Conductivities,  table  of  molecular       .                        365 
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TEST   NO.  PAGE 

Constants,  useful 366 

Copper  voltameter,  description  of 332 

73.           ,,            ,,             method  of  finding  the  constant  of  an  ammeter  121 

Creeping,  magnetic 148 

35.     Current  and  amount  of  heat  generated,  relation  between     ...  57 

72.     Current  measuring  instruments,  standardization  by  silver  voltameter  119 

i.     Curve  plotting ' I 

D 

Damping  coil,  description  of 349 

D'Arsonval  galvanometers,  description  of 286 

Data,  useful,  and  constants,  table  of 366 

Decrement,  the  Napierian  logarithmic 75,  134 

Deposits  of  various  metals,  table  of  electrolytic 364 

Differences  of  potential,  best  way  to  obtain  the  ratio  of  two     .      .  1 74 

Differential  galvanometers,  description  of 282 

Dimensions  of  electrostatic  capacity •  '»      .      .  167 

,,               magnetic  permeability,  induction,  etc.     .      .      ,    >.  146 

,,               self  and  mutual  induction 195 

"  Dip "  circle,  description  of 335 

5.  ,,       (magnetic),  measurement  by  the  dip  circle  .            ...  10 

6.  ,,             ,,                     ,,              ,,          induction  magnetometer  13 
Dynamo,  description  of  a  model    .»..*.      .    '  *     ...      .      .      .  360 


Earth  coil,  description  of  the 359 

Electro-calorimeter,  description  of  a  form  of 350 

Electro-chemical  equivalents  of  metals,  table  of 364 

74.     Electrolytes,   conductivity  and  specific  resistance  by  the    Stroud- 

Henderson  method  of 124 

76.  Electrolytes,  resistance  of,  by  the  Kohlrausch  method     .      .      .      .  128 

77.  .,                     ,,                 ,,        secohmmeter      ,,        ....  129 
Electrolytic  deposits  of  various  metals,  table  of 364 

,,           resistance  cells,  description  of  form  for  use  with  Kohl- 
rausch bridge 346 

Electrolytic  resistance  cells,  description  of  the  Stroud- Henderson.  243 

Electrometer,  Carpentier  quadrant,  description  of 289 

, ,              directions  for  use  and  setting  up 30x3 

,,              reversing  key 298 

,,             Thomson  quadrant 290 

59.  Electromotive  forces,  comparison  by  C lark -Poggendorff  method  96 

60.  ,,                 ,,                 ,,               condenser  or  ballistic      ,,  98 

61.  ,,                 ,,                ,,               electrometer  method       .      .  99 
55-                 »                 -i                 M               equal  deflection  method        .  91 
54-                 ,,                 ,,                 ,,                  ,,     resistance       „            .  90 
58.                ,,                 ,,                 ,,               Lumsden's,     Lacoine's,     or 

Bosscha's  method 95 

2    C 
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TEST  NO.  PAGE 

57.  *  Electromotive  forces,  comparison  by  Wheatstone's  method      .      .  94 

56.                 ,,                 ,,                 ,,               Wiedemann's       ,,           .      .  92 

62.  ,,                 ,,      of  standard  cells,  comparison  of         .      .      .  101 

63.  ,,                 ,,                 ,,             ,,       measurement  by  null-zero 
method 102 

Electromotive  forces,  proofs  of  formulae  for  various  methods  of 
comparison 233~237 

64.  E.M.F.  and  internal  resistance  of  a  cell,  effect  of  size  and  distance 

between  plates 104 

E.M.F.  of  Clark  cells  at  different  temperatures,  table  of     .      .  364 

,,           various  cells .  364 

,,      standards 339 

,,      thermo          338 


15.     Figure  of  merit  of  galvanometers 28 

Formulae,  solution  of  the  various 219-256 


1 8.     Galvanometer,  calibration  by  comparison  with  a  standard   ...       31 
71.  ,,  ,,  mixed  gas  voltameter       ...      .      117 

73.  ,,  "constant,"  by  copper  ,,  .      .      .      .      121 

1 6.  ,,  relation  between  current  and  deflection  in  mirror    .       29 

,,                     ,,            ,,        scale-deflection  and  angular  motion 
of  the  needle  of  a 266 

42.  Galvanometer,  resistance,  measurement  by  equal  deflection  method        72 
41.  ,,  ,,  ,,  half-deflection  ,,  71 
44.               ,,                     .,                   ,,                 logarithmic     decrement 

method 75 

43.  Galvanometer  resistance,  measurement  by  Thomson's  method        .        74 

,,  ,,         proofs  of  formulae  for  various  methods  227,  228 

Galvanometers,  astatic  ballistic,  description  of 282,  285 

,;  ,,      combinations  of  needles  in 272 

,,  ballistic .      131 

,,  D'Arsonval ...     286 

,,  differential,  description  of 282 

,,  general  remarks 265 

,,  portable  form,  description  of 270 

,,  reflecting,  description  of 280 

,,  sine  form 272 

,,  tangent,  description  of  Helmholtz  form  of  .      .      .     269 

,,  ,,  ,,  Post-office        ,,       .  .     267 

,,  ,,  ,,  variable  ,,        .      .  270 

,,  Thomson  high-resistance  astatic,  description  of      .     284 

,,  Walmsley-Mather  form,  description  of  .      .      .      .     271 

Gas  voltameter,  description  of  mixed .•      .      .331 

Gauss,  the  "  A  "  position  of 14,149,219,241 

„         "B"        .,  14,  149,  220,  242 
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PEST   NO.  H  PAGE 

12.     "H"    the    horizontal  component    of  the    earth's   magnetism  by 

method  of  oscillations  and  deflections    ....'....  22 

35.     Heat  generated  by  an  electric  current,  measurement  of  .                  .  57 

Helmholtz  tangent  galvanometer,  theory  of  the 116 

Hibbert's  standard  magneto-inductor 358 

Hughes'  induction  balance,  description  of 356 

85.  ,,               ,,             ,,         determination  of  relative  inductivities  by  143 
,,       magnetic         ,,         description  of 355 

90.  ,,              ,,               ,,         determination  of  relative  magnetic  quali- 
ties by 160 

86.  Hysteresis  and  permeability,  magnetic,  introductory  to  measurements  145 

,,         B  —  H  cyclic  curve,  method  of  plotting  results  for   .      .  164 

91.  ,,         magnetic,  measurement  of,  ballistically 162 

92.  ,,                    ,,                  ,,                by  magnetometer  method     .  165 

'I 

Induction  balance,  description  of  the  Hughes' 356 

6.           ,,          magnetometer,  measurement  of  magnetic  dip  by  .      .  13 

Inductive  and  non-inductive  resistances,  notation  for      ....  195 
85.     Inductivities  of  materials,  determination  of,  by  Hughes'  induction 

balance 143 

Inductor,  description  of  Hibbert's  standard  magneto-     ....  358 

,,             the  earth   . 359 

,.         slip-coil  magnetic 334 

84.  ,,         standardization   by   the   capacity  method   of  a  standard 

magneto- 142 

Inferences,  solution  of 219-256 

27.  Insulation  resistance  by  loss  of  charge,  electrometer  method      .      .  46 
26.             ,,               ,,                 ,,             ,,      galvanometer        „  44 

,,               ,,                 ,,             ,,      method,  proof  of  formula     .  226 

28.  ,,               ,,         of  condensers  by  loss  of  charge      ,,           .      .  48 

29.  .,               ,,              leaky  condensers  by  loss  of  charge  methods, 
employing  shunts 49 

48.     Internal  resistance  of  battery,  measurement  by  Beetz's  method      .      .  81 

51.           ,,              ,,               ,,                   .,               condenser      ,,  86 

52-           5»               .>               ,,                  j,               electrometer ,,  87 
47-           »               ,,               >,                    ,,               equal  deflection  (shunt) 

method 80 

45 .  Internal  resistance  of  battery,  measurement  by  fall  of  potential  method      7  7 

46.  ,,               ,,               ,,                   ,,                half-deflection       ,,  79 
49-           ,,               „               •.                   ,,               Mance's                 ,,  82 

;,  ,,  ,,         proofs  of  formulae  for  various  methods 

228-233 

,,               ,,        of  cells,  table  of 364 

64.           ,,               ,,             ,,         variation  of,  with  size,  etc 104 

50.           „               „             thermo-electric  generator     ......  84 

J 

36.     Joule's  equivalent,  determination  (electrically)  of  59 
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K 

TEST    NO.  PAGE 

Kelvin  electric  centi-ampere  balance,  description  of  the        .     .      .  274 

Keys,  charge  and  discharge .      .      .      .  328 

,,      four-way  plug 328 

,,      Pohl's  reversing 330 

,,      simple        ,,  329 

„      spring  tapping 326 

,,      two-way  high-insulation  spring  tapping       .            ....  327 

,,             ,,        charge  and  discharge 329 

Kohlrausch  bridge,  description  of  the 344 


L 

Lag,  magnetic 148 

94.     Leakage  in  condensers,  determination  of 169 

2.     Lines  of  magnetic  force,  delineation  by  compass-needle  method      .  4 
ii.         ,,                ,,            ,,      distribution    in   dynamo  by    iron    filings 

method 20 

Logarithmic  decrement,  the  Napierian 75,  134 

Logarithms,  table  of 368 

Low  resistances,  standard 310 


M. 

Magnetic  balance,  description  of  the  Hughes' 355 

19.            ,,        field  strength  due  to  constant  current  in  a  circular  coil     .  32 

8.  ,,        moments  of  bar  magnets,  comparison  by  "deflection" 
method 17 

10.     Magnetic  moments  of  bar  magnets,  comparison  by  vibration  method  20 

9.  ,,                 ,,               ,,           ,,       measurement  by        ,,           .,  17 
7-         „                 ,,              ,,           ,,                 ,,                 "deflection" 

method 14 

Magnetic  moments  of  magnets — solutions  of  inferences  .      .      .   219-222 
90.  ,,         qualities  of  different  magnetic  materials,  determination  of 

relative 160 

3.  Magnetism  in  bar  magnets,  distribution  by  method  of  oscillations  .  6 

4.  ,,                 ,,           ,,                 ,,                induction           ballistic 
method 8 

Magneto-inductor,  description  of  Hibbert's  standard       ....  358 

,,                standard,  proof  of  formula  in  standardization  of  240 

84.                   ,,                      ,,         standardization  by  the  capacity  method  142 

Magnetometers,  delicate  reflecting,  description,  etc 337 

,,              simple,  description,  etc 336 

Magneto-static  current  meter,  description,  etc 278-280 

36.     Mechanical  equivalent  of  heat,  determination  by  electrical  method  59 

Megohm,  carbon,  description,  etc 314 

39.  Metre  bridge  wire,  calibration  of,  by  Carey-Foster's  method     .      .  68 

40.  .,             ,.               .,               ,,         Gray's                     ,,         ...  70 
,,    bridges,  description,  etc 315 
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TEST    NO.  PAGE 

1 6.     Mirror  galvanometer,  relation  between  current  and  deflection  .      .  29 

Molecular  conductivities  of  electrolytes,  table  of 365 

108.     Mutual  and  self-induction  coefficients,  absolute  and  comparative 

determination 193 

116.  Mutual  induction,  absolute   measurement    of,    by   Carey-Foster's 

method 209 

119.     Mutual  induction,  absolute  measurement  of,  by  standard  magneto- 
inductor     212 

117.  Mutual  induction,  comparison  of  two  coefficients  of,  by  Maxwell's 

method      . 210 

1 1 8.  Mutual  induction,  comparison  of  two  coefficients  of,   by  secohm- 

meter  method 212 

Mutual  induction,  dimensions  of 195 

,,             ,,         proofs  of  formulae  for  absolute  determinations     .  255 

,,             ,,         standard,  description  of  types  of 263 

N 

Napierian  logarithmic  decrement         75,  134 

Notation  for  inductive  and  non-inductive  resistances      .      .      .      .  195 

,,            plotting  points  on  curves 2 

O 

14.     "  Ohm's  law,"  proof  by  the  electrometer  method 26 

13.                   ,,                   ,,             galvanometer      ,,           24 

P 

Periodic  time  of  oscillation  of  a  galvanometer  needle     ....  133 

86.  Permeability  and  hysteresis,  magnetic,  introductory  to  measurements  145 

,,           dimensions  of        ...            146 

87.  ,,           magnetic,  measurement  by  magnetometer  method       .  146 

88.  ,,                   ,,                     ,,              ring  ballistic            ,,          .  154 

89.  ,,                   .,                     ,,               rod     and    yoke     ballistic 
method 158 

Permeability  (magnetic),  proof  of  formulae  for  magnetometer  method  241 

,,                     ,,          ring,  description  of 348 

Permeameter,  description  of  the 357 

I .     Plotting  curves    .<           • .      .      ...  I 

Pohl's  commutator,  or  reversing  key,  description  of        ....  330 

53.     Polarization  of  cells , 89 

Portable  galvanometers,  description  of 270 

Potential  differences,  best  way  to  obtain  ratio  of  two       .      .      .      .  1 74 

Practical. and  C.G.S.  units,  table  of 365 

Q 

Quadrant  electrometer,  description  of  the  Carpentier 289 

,,                  ,,                     ,,                 ,,   Thomson        ....  290 

,,                   ,4             directions  for  the  use  and  setting  up  of  the  300 

,,               "   ,,             reversing  key  for 298 
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r> 

TEST   NO.  PAGE 

Reciprocals  of  numbers,  table  of 378 

Reflecting  galvanometers 280 

94.     Residual  absorption  or  charge  in  condensers,  measurement  of  .      .  169 

Resistance   box   arranged    for    testing   relation    between    length, 

diameter,  and  material 346 

Resistance  box  arranged   for  testing  laws  relating  to  resistances 

in  parallel 347 

Resistance  boxes 314 

25.             ,,           (high)  measurement  by  the  substitution  method       .      .  42 

30.             ,,          (low)           ,,                 ,,         potential  difference  method  50 

24.             ,,          measurement  by  the  differential  galvanometer     ...  41 

22.  ,,                   ,,               .,         metre  form  of  Wheatstone  bridge  37 

23.  ,,                   ,,               .,         Post-office  form  of      ,,             ,,  39 
21.             ,,                   ,,               ,,        substitution  method       ....  36 

,,          measurements  (high) — solutions  of  inferences      .      .      .  223 

(low)             „                 „               .....  224 

,,  ,,  (ordinary)     ,,  ,,  .          222,223 

69.     Resistance    of  ballistic  galvanometer,  determination   of  apparent 

increase  of,  when  shunted 113 

64.     Resistance  of  cells,  variation  of,  with  size  and  distance  between  the 

plates 104 

76.  Resistance  of  electrolytes,  Kohlrausch  alternating-current  method  128 

74.  ,,                     ,,               measurement  of  conductivity  and  specific  124 

77.  ,,                      ,,               secohmmeter  method        .      .      .      .      .  129 

75.  ,,                     ,,               Stroud-Henderson  direct-current  method  124 

42.  ,,          of    galvanometers,    measurement    by    equal-deflection 
method 72 

41 .     Resistance  of  galvanometers,  measurement  by  half-deflection  method  7 1 
44.              ,,                        ,,                       ,,                 logarithmic       decre- 
ment method 75 

43.  Resistance  of  galvanometers,  measurement  by  Thomson's  method  .  74 

,,         of  various  cells 364 

20.  ,,         proportional  to  length,  experimental  proof  for  uniform  wire     35 

Resistance,  standard  low 310 

,,                 ,,      one-ohm 313 

,,                  ,,      variable  low 311 

31.  ,,          variation  with  length,  diameter,  and  material     ...  52 
38.     Resistances  and  temperature,  coefficient,  Carey-Foster  method        .  63 
37.               ,,                   ,     ,,             relation  between,  for  different  metals  62 
33.               ,,        comparison  by  the  magneto-inductor  method      ...  54 

32.  ,,         in  parallel,  laws  of  combination  . 53 

,,                 ,,           proof  of  laws  of  combination  of       ...  225 

,,         preliminary  remarks  on 306 

Reversing  key,  simple    .      .      , 329 

Rheostat,  carbon  plate,  description  of 307 

,,         carbonized  cloth,  description  of                   .....  309 

,,         non-inductive  wire,  description  of 3°^ 

,,         Wirt  wire,  description  of <  309 
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TEST   NO.  PAGE 

Secohmmeter,  description  and  theory  of  the 259-262 

Secondary  battery 337 

108.  Self  and  mutual  induction  coefficients,  absolute  and  comparative 

determinations 193 

113.  Self-induction,  absolute  measurement  of 204 

109.  ,,                      ,,                    ,,            by       Maxwell-Ray  leigh 
method •  •      -.  195 

112.     Self-induction,   absolute  measurement  of,  by  Maxwell-Rimington 

method 203 

1 10.  Self-induction,  absolute  measurement  of,  by  secohmmeter  "  deflec- 

tion "  method 198 

in.     Self-induction,  absolute  measurement  of,  by  secohmmeter   "zero" 

method 201 

114.  Self-induction,    comparison  of  two    coefficients  of,  by  Maxwell- 

Niven  method 206 

115.  Self-induction,  comparison  of  two  coefficients  of,  by  secohmmeter 

method 207 

Self-induction,  dimensions  of 195 

,,  standards,  description  of  types  of      ....   263-265 

I2O.     Self-inductions  in  parallel,  determination  of  the  laws  of  combination  214 
,,             proofs    of   formulae    in    absolute   and    comparative 

determinations 250 

15.     Sensitiveness  of  galvanometers 28 

Shunt-box,  constant  total-current 324 

,,          high-insulation 323 

,,          ordinary 323 

,,          universal 325 

68.     Shunted  galvanometer,  relation  between  current  in,  and  total  main- 
circuit  current 1 1 1 

Shunts 322 

67.         ,,       action  of,  on  galvanometer  deflection 109 

,,       proof  of  formulae  of  measurements  with 237~239 

Silver  voltameter,  description  of 333 

,,               ,,         method  of  standardizing  current  instruments       .  119 

17.     "  Sine  "  galvanometer,  calibration  by  constant-current  method       .  30 

,,               ,,                 description  of  a 272 

Sines,  table  of  natural    ...."...            .            ...  372 

Slides,  the  Thomson- Varley 321 

Specific  gravities  of  metals,  table  of 364 

,„       heats  of  metals  and  alloys,  table  of 363 

105.           ,,        inductive  capacity  of  dielectrics,  measurement  of   .      .      .  188 

74.           ,,        resistance  and  conductivity  of  electrolytes 124 

34.           ,,       resistances,  determination  of 55 

,,                ,,         of  metals  and  alloys,  table  of 363 

Spring  tapping-key,  simple 326 

,,             ,,             two-way  high-insulation 327 

Square  roots,  table  of  doubled 380 

Squares,  table  of 376 
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TEST    NO.  PAGE 

Standards  of  E.M.F 339 

Switch,  quick  break  large  current 331 

T 

70.  Tangent  galvanometer,  determination  of  constant  of,  by  calculation 

and  experiment 115 

Tangent  galvanometer,  theory  of  the  Helmholtz      .      .      .      .      .  116 

,,                 ,,                     ,,                ordinary 115 

,,        galvanometers,  description  of .  267 

Tangents,  table  of  natural ...  374 

Temperature  coefficient  apparatus,  description  of      .      .      .      ;      .  349 

,,         bridge 317 

38.  ,,  „         of  variation  of  resistance  by  Carey-Foster's 

method .      .      .      .      .      .      .  63 

Temperature  coefficients  of  metals  and  alloys,  table  of        .      .      .  363 

Thermo  E.M.F 338 

65.     Thermo-electric  element,  relation  between  E.M.F.  and  tempera- 
ture in 106 

Thermo-electric  generator,  description  and  instructions  for  use       .  341 

Thomson  high-resistance  astatic  galvanometers,  description  of        .  284 

Thomson- Varley  slides .  321 

Time  of  oscillation  of  galvanometer,  the  periodic     .      .      .      .      .  133 

95.     Time-constant  of  condenser  discharge,  relation  between  current  and  171 

U 

Units,  table  of  relation  between  practical  and  C.G.S.  (absolute)    .  365 

Useful  constants 366 

V 

71.  Voltameter,  calibration  of  a  galvanometer  by  the  mixed-gas      .      .  117 
73-              ,»            '"constant"  of  a  galvanometer  by  the  copper  .      .      .  121 

,,            standardization  of  current  instruments  by  silver     .      .  119 

Voltameters,  copper 332 

,,            mixed  gas         . 331 

,,            silver 333 

Voltmeter,  Weston,  description  of 288 

W 

Weston  voltmeter 288 

Wheatstone  bridge  (circular  multiple  metre  form),  description  of  .  318 

,,        (metre  form),  description  of 315 

,,               .,       (Post-office  form),  description  of                         .  319 

,.               ,,       (standard  dial  form),         .,                .            .      .  320 

Wirt  rheostat,  description  of 309 
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CHEMISTRY. 

CRO  OKES.— SELECT     METHODS     IN     CHEMICAL 

ANALYSIS,  chiefly  Inorganic.  By  Sir  WILLIAM  CROOKES,  F.  R.S. ,  etc.  Third 
Edition,  Rewritten  and  Enlarged.  With  67  Woodcuts.  8vo.,  2is.  net. 

FURNEA  UX.— ELEMENTARY  CHEMISTRY,  Inorganic  and 

Organic.  By  W.  FURNEAUX,  F.R.G.S.,  Lecturer  on  Chemistry,  London 
School  Board.  With  65  Illustrations  and  155  Experiments.  Crown  8vo. ,  2s.  6d. 

GARRETT  AND  HARDEN.—  AN  ELEMENTARY  COURSE 

OF  PRACTICAL  ORGANIC  CHEMISTRY.  By  F.  C.  GARRETT,  M.Sc. 
(Viet,  et  Dunelm.),  Assistant  Lecturer  and  Demonstrator  in  Chemistry,  the 
Durham  College  of  Science,  Newcastle-on-Tyne ;  and  ARTHUR  HARDEN, 
M.Sc.  (Viet.),  Ph.D.,  Assistant  Lecturer  and  Demonstrator  in  Chemistry,  the 
Owens  College,  Manchester.  With  14  Illustrations.  Crown  8vo. ,  2s. 

/AGO.— Works  by  W.  JAGO,  F.C.S.,  F.I.C. 

INORGANIC       CHEMISTRY,       THEORETICAL       AND 

PRACTICAL.  With  an  Introduction  to  the  Principles  of  Chemical  Analysis, 
Inorganic  and  Organic.  With  63  Woodcuts  and  numerous  Questions  and 
Exercises.  Fcp.  8vo  ,  2s.  6d. 

AN     INTRODUCTION     TO     PRACTICAL     INORGANIC 

CHEMISTRY.     Crown  8vo. ,  is.  6d. 

INORGANIC       CHEMISTRY,       THEORETICAL       AND 

PRACTICAL.  A  Manual  for  Students  in  Advanced  Classes  of  the  Science 
and  Art  Department.  With  Plate  of  Spectra  and  78  Woodcuts.  Crown 
8vo. ,  4s.  6d. 

KOLBE.—^      SHORT      TEXT-BOOK      OF      INORGANIC 

CHEMISTRY.  By  Dr.  HERMANN  KOLBE.  Translated  and  Edited  by  T.  S. 
HUMPIDGE,  Ph.D.  With  66  Illustrations.  Crown  8vo. ,  Bs.  6d. 

MENDELEEFF.—TUR    PRINCIPLES    OF    CHEMISTRY. 

By  D.  MENDEL£EFF.  Translated  from  the  Russian  (Sixth  Edition)  by  GEORGE 
KAMENSKY,  A.R.S.M.,  of  the  Imperial  Mint,  St.  Petersburg;  and  Edited  by 
T.  A.  LAWSON,  B.Sc.,  Ph.D.,  Fellow  of  the  Institute  of  Chemistry.  With  96 
Diagrams  and  Illustrations.  2  vols.  8vo.,  36^. 

MEYER.— OUTLINES   OF  THEORETICAL   CHEMISTRY. 

By  LOTHAR  MEYER,  Professor  of  Chemistry  in  the  University  of  Tubingen. 
Translated  by  Professors  P.  PHILLIPS  BEDSON,  D.Sc.,  and  W.  CARLETON 
WILLIAMS,  B.Sc.  ;8vo.,  gs. 

MILLER.—  INTRODUCTION  TO  THE  STUDY  OF  IN- 
ORGANIC CHEMISTRY.  By  W.  ALLEN  MILLER,  M.D.,  LL.D.  With 
71  Woodcuts.  Fcp.  8vo. ,  35.  6d. 


Scientific   Works  published  by  Longmans,   Green,  6°  Co.         3 

CHEMISTRY—  Continued. 

MUIR.—k  COURSE  OF  PRACTICAL  CHEMISTRY.     By  M. 

M.  P.  Mum,  M.A.,  Fellow  and  Praelector  in  Chemistry  of  Gonville  and  Caiua 
College,  Cambridge.     (3  Parts.) 

Part  I.     Elementary.     Crown  8vo.,  45.  6d. 

Part  II.     Intermediate.     Crown  8vo.,  45.  6d. 

Part  III.  [In  preparation. 


by  G.  S.   NEWTH,    F.I.C.,   F.C.S.,    Demon- 
strator in  the  Royal  College  of  Science,  London. 

CHEMICAL     LECTURE     EXPERIMENTS.       With      230 

Illustrations.     Crown  8vo.  ,  6s. 

CHEMICAL  ANALYSIS,  QUANTITATIVE  AND  QUALI- 

TATIVE.   With  100  Illustrations.     Crown  8vo.,  6s.  6d. 

A  TEXT-BOOK,.  OF  INORGANIC  CHEMISTRY.    With  146 

Illustrations.     Crown  8vo.,  6s.  6d. 

ELEMENTARY    PRACTICAL    CHEMISTRY.      With    108 

Illustrations  and  254  Experiments.     Crown  8vo.  ,  zs.  6d. 

OSTWALD.—  SOLUTIONS.      By    W.    OSTWALD,    Professor    of 

Chemistry  in  the  University  of  Leipzig.  Being  the  Fourth  Book,  with  some 
additions,  of  the  Second  Edition  of  Oswald's  '  Lehrbuch  der  allgemeinen 
Chemie'.  Translated  by  M.  M.  PATTISON  MUIR,  Fellow  and  Praelector  in 
Chemistry  of  Gonville  and  Caius  College,  Cambridge.  8vo.  ,  IQJ.  6d. 

RE  YNOLDS.—  EXPERIMENTAL       CHEMISTRY       FOR 

JUNIOR  STUDENTS.  By  J.  EMERSON  REYNOLDS,  M.D.,  F.R.S.,  Pro- 
fessor of  Chemistry,  University  of  Dublin.  Fcp.  8vo.,  with  numerous  Woodcuts. 

Part  I.     Introductory.     Fcp.  8vo.,  is.  6d. 

Part  II.     Non-Metals,  with  an  Appendix  on  Systematic  Testing 

for  Acids.     Fcp.  8vo.,  2s.  6d. 

Part  III.     Metals,  and  Allied  Bodies.     Fcp.  8vo.,  31.  6d. 
Part  IV.     Carbon  Compounds.     Fcp.  8vo.,  45. 

SHENSTONE.—Worte  by  W.  A.  SHENSTONE,  F.R.S.,  Lecturer 
on  Chemistry  in  Clifton  College. 

THE    METHODS   OF   GLASS-BLOWING.      For  the  use  of 

Physical  and  Chemical  Students.    With  42  Illustrations.    Crown  8vo.,  is.  6d. 

A     PRACTICAL     INTRODUCTION     TO     CHEMISTRY. 

Intended  to  give  a  Practical   acquaintance  with  the  Elementary  Facts  and 
Principles  of  Chemistry.     With  25  Illustrations.     Crown  8vo.,  zs. 
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CHEMISTRY- Continued. 

THORNTON  AND  PEARSON.— NOTES  ON  VOLUMETRIC 
ANALYSIS.  By  ARTHUR  THORNTON,  M.  A. ,  and  M  ARCHANT  PEARSON,  B.  A. , 
Assistant  Science  Master,  Bradford  Grammar  School.  Medium  8vo.,  zs. 


THORPE.— Works  by  T.  E.  THORPE,  C.B.,  B.Sc.  (Viet),  Ph.D., 
F.R.S.,  Professor  of  Chemistry  in  the  Royal  College  of  Science, 
South  Kensington.  Assisted  by  Eminent  Contributors. 

A    DICTIONARY    OF    APPLIED    CHEMISTRY.      3    vols. 

8vo.    Vols.   I.  and  II.,  42*.  each.     Vol.  III.,  635. 

QUANTITATIVE  CHEMICAL  ANALYSIS.     With  88  Wood- 

cuts.     Fcp.  8vo. ,  4.y.  6d. 


THORPE  AND  MUIR.—  QUALITATIVE  CHEMICAL  AN- 
ALYSIS AND  LABORATORY  PRACTICE.  By  T.  E.  THORPE,  C.  B.  ,  Ph.D.  , 
D.Sc.,  F.R.S.,  and  M.  M.  PATTISON  MUIR,  M.A.  With  Plate  of  Spectra  and 
57  Woodcuts.  Fcp.  8vo.  ,  y.  6d. 


:—  Works  by  WILLIAM  A.  TILDEN,  D.Sc.  London, 
F.R.S.,  Professor  of  Chemistry  in  the  Royal  College  of  Science, 
South  Kensington. 

A  SHORT  HISTORY  OF  THE  PROGRESS  OF  SCIENTIFIC 

CHEMISTRY  IN  OUR  OWN  TIMES.     Crown  8vo.,  ^.  net. 

INTRODUCTION     TO    THE    STUDY     OF    CHEMICAL 

PHILOSOPHY.  The  Principles  of  Theoretical  and  Systematic  Chemistry. 
With  5  Woodcuts.  With  or  without  the  ANSWERS  of  Problems.  Fcp. 
8vo.,  4.?.  6d. 

PRACTICAL   CHEMISTRY.      The    principles    of  Qualitative 
Analysis.     Fcp.  8vo.,  u.  6d. 

HINTS      ON      THE     TEACHING     OF     ELEMENTARY 

CHEMISTRY  IN  SCHOOLS  AND  SCIENCE  CLASSES.  With  7 
Illustrations.  Crown  8vo.,  2s. 


Works   by    R.    LLOYD    WHITELEY,    F.I.C., 
Principal  of  the  Municipal  Science  School,  West  Bromwich. 

CHEMICAL  CALCULATIONS.  With  Explanatory  Notes, 
Problems  and  Answers,  specially  adapted  for  use  in  Colleges  and  Science 
Schools.  With  a  Preface  by  Professor  F.  CLOWES,  D.Sc.  (Loud.),  F.I.C. 
Crown  8vo.  ,  2s. 

ORGANIC   CHEMISTRY  :   the  Fatty  Compounds.      With  45 

Illustrations.     Crown  8vo.  ,  35.  6d. 
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PHYSICS,  ETC. 

EARL.—  THE    ELEMENTS     OF     LABORATORY    WORK: 

a  Course  of  Natural  Science.  By  A.  G.  EARL,  M.A.,  F.C.S.,  late  Scholar  of 
Christ's  College,  Cambridge.  With  57  Diagrams  and  numerous  Exercises  and 
Questions.  Crown  8vo.  ,  $s.  6d. 

GANOT.—  Works  by  PROFESSOR  GANOT.  Translated  and 
Edited  by  E.  ATKINSON,  Ph.D.,  F.C.S. 

ELEMENTARY   TREATISE    ON    PHYSICS,    Experimental 

and  Applied.     With  9  Coloured  Plates  and  Maps,  and  1057  Woodcuts,  and 
Appendix  of  Problems  and  Examples  with  Answers.     Crown  8vo.  ,  155. 

NATURAL  PHILOSOPHY  FOR  GENERAL  READERS 

AND  YOUNG  PERSONS.    With  7  Plates,  624  Woodcuts,  and  an  Appendix 
of  Questions.     Crown  8vo.  ,  js.  6d. 

GLAZEBROOK  AND  SHA  ^.—PRACTICAL  PHYSICS.     By 

R.  T.  GLAZEBROOK,  M.A.,  F.R.S.,  and  W.  N.  SHAW,  M.A.  With  134 
Woodcuts.  Fcp.  8vo.  ,  js.  6d. 

GUTHRIE.—  MOLECULAR   PHYSICS   AND   SOUND.      By 

F.  GUTHRIE,  Ph.D.     With  91  Diagrams.     Fcp.  8vo.,  is.  6d. 

HELMHOLTZ.—  POPULAR   LECTURES   ON   SCIENTIFIC 

SUBJECTS.  By  HERMANN  VON  HELMHOLTZ.  Translated  by  E.  ATKINSON, 
Ph.D.,  F.C.S.,  formerly  Professor  of  Experimental  Science,  Staff  College.  With 
68  Illustrations.  2  vols.  ,  crown  8vo.  ,  3^.  6d.  each. 

CONTENTS.—  Vol.  I.—  The  Relation  of  Natural  Science  to  Science  in  General—  Goethe's 
Scientific  Researches  —  The  Physiological  Causes  of  Harmony  in  Music  —  Ice  and  Glaciers  —  The 
Interaction  of  the  Natural  Forces—  The  Recent  Progress  of  the  Theory  of  Vision—  The  Conser- 
vation of  Force  —  The  Aim  and  Progress  of  Physical  Science. 

CONTENTS.  —  Vol.  II.  —  Gustav  Magnus.  In  Memonam  —  The  Origin  and  Significance  of 
Geometrical  Axioms  —  The  Relation  of  Optics  to  Painting  —  The  Origin  of  the  Planetary  System 
—  Thought  in  Medicine  —  Academic  Freedom  in  German  Universities  —  Hermann  Von  Helm- 
holtz  —  An  Autobiographical  Sketch. 

HENDERSON.—  ELEMENTARY  PHYSICS.  By  JOHN 
HENDERSON,  D.Sc.  (Edin.),  A.I.E.E.,  Physics  Department,  Borough  Road 
Polytechnic.  Crown  8vo.  ,  2s.  6d. 

MEYEX.—THE  KINETIC  THEORY  OF  GASES.      Elemen- 

tary Treatise,  with  Mathematical  Appendices.  By  Dr.  OSKAR  EMIL 
MEYER,  Professor  of  Physics  at  the  University  of  Breslau.  Second  Revised 
Edition.  Translated  by  ROBERT  E.  BAYNES,  M.A.,  Student  of  Christ  Church, 
Oxford,  and  Dr.  Lee's  Reader  in  Physics.  8vo.  ,  15^.  net. 


VAN   'TtfOtt—THE    ARRANGEMENT    OF    ATOMS    IN 

SPACE.  By  J.  H.  VAN  T'HOFF.  Second,  Revised,  and  Enlarged  Edition. 
With  a  Preface  by  JOHANNES  WISLICENUS,  Professor  of  Chemistry  at  the 
University  of  Leipzig  ;  and  an  Appendix  '  Stereo-chemistry  among  Inorganic 
Substances,'  by  ALFRED  WERNER,  Professor  of  Chemistry  at  the  University  of 
ZUrich.  Translated  and  Edited  by  ARNOLD  EILOART.  Crown  8vo.  ,  6s.  6d. 
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PHYSICS,    ETC.- Continued. 

WA  TSON.—  Works  by  W.  WATSON,  B.Sc.,  Assistant  Professor 
of  Physics  in  the  Royal  College  of  Science,  London  ;  Assistant 
Examiner  in  Physics,  Science  and  Art  Department. 

ELEMENTARY     PRACTICAL     PHYSICS:      a     Laboratory 

Manual  for  Use  in  Organised  Science  Schools.     With  120  Illustrations  and 
193  Exercises.     Crown  8vo. ,  2s.  6d. 

A    TEXT-BOOK    OF    PHYSICS.      With   564    Diagrams    and 
Illustrations.     Large  crown  8vo.,  los.  6d. 

WORTHINGTON.—^    FIRST    COURSE     OF     PHYSICAL 

LABORATORY   PRACTICE.      Containing   264   Experiments.      By  A.   M. 
WORTHINGTON,  M.A.,  F.R.S.    With  Illustrations.     Crown  8vo.,  45.  6d. 

WRIGHT.— ELEMENTARY     PHYSICS.       By     MARK     R. 

WRIGHT,  M.A.,  Professor  of  Normal  Education,  Durham  College  of  Science. 
With  242  Illustrations.     Crown  8vo. ,  zs.  6d. 


MECHANICS,    DYNAMICS,    STATICS,     HYDRO- 
STATICS,   ETC. 

BALL.—K   CLASS-BOOK   OF   MECHANICS.      By  Sir   R.  S. 

BALL,  LL.D.     89  Diagrams.     Fcp.  8vo.,  is.  6d. 

GELDARD.— STATICS  AND  DYNAMICS.     By  C.  GELDARD, 

M.A.,  formerly  Scholar  of  Trinity  College,  Cambridge.     Crown  8vo.,  55. 

GOODEVE.—Vforte    by    T.    M.    GOODEVE,    M.A.,    formerly 
Professor  of  Mechanics  at  the  Normal  School  of  Science,  and 
the  Royal  School  of  Mines. 
THE    ELEMENTS    OF    MECHANISM.      With   357    Wood- 

cuts.     Crown  8vo.,  6s. 

PRINCIPLES  OF  MECHANICS.      With  253  Woodcuts  and 

numerous  Examples.     Crown  8vo. ,  6s. 

A   MANUAL   OF    MECHANICS :    an    Elementary  Text-Book 

for  Students  of  Applied  Mechanics.  With  138  Illustrations  and  Diagrams, 
and  1 88  Examples  taken  from  the  Science  Department  Examination  Papers, 
with  Answers.  Fcp.  8vo.,  2s.  6d. 

GOODMAN.— MECHANICS  APPLIED  TO  ENGINEERING. 

By  JOHN  GOODMAN  ,  Wh.Sch. ,  A.  M.  I.C.  E. ,  M.  I.  M.  E. ,  Professor  of  Engineering 
in  the  Yorkshire  College,  Leeds  (Victoria  University),  With  620  Illustrations 
and  numerous  examples.  Crown  8vo. ,  js.  6d.  net. 

GRIEVE.— LESSONS     IN     ELEMENTARY     MECHANICS. 

By  W.  H.  GRIEVE,  late  Engineer,  R.N.,  Science  Demonstrator  for  the  London 

School  Board,  etc. 
Stage  i.     With  165  Illustrations  and  a  large  number  of  Examples.     Fcp.   8vo.» 

15.  6d. 

Stage  2.  With  122  Illustrations.     Fcp.  8vo., 'is.  6d. 
Stage  3.  With  103  Illustrations.     Fcp.  8vo. ,  is. 
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MECHANICS,     DYNAMICS,    STATICS,     HYDROSTATICS,    ETC.- 

Continued. 

MAGNUS.— Works  by  SIR  PHILIP  MAGNUS,  B.Sc.,  B.A. 
LESSONS  IN  ELEMENTARY  MECHANICS.     Introductory 

to  the  study  of  Physical  Science.     Designed  for  the  Use  of  Schools,  and  of 
Candidates  for  the  London  Matriculation  and  other  Examinations.     With 
numerous  Exercises,  Examples,  Examination  Questions,  and  Solutions,  etc., 
from  1870-1895.     With  Answers,  and  131  Woodcuts.     Fcp.  8vo.,  $s.  6d. 
Key  for  the  use  of  Teachers  only,  price  5^.  3^. 

HYDROSTATICS  AND  PNEUMATICS.     Fcp.  8vo.,  is.  6d.  • 

or,  with  Answers,  2s.     The  Worked  Solutions  of  the  Problems,  zs. 

ROBINSON.— Works  by  the  Rev.  J.  L.  ROBINSON,  M.A. 
ELEMENTS    OF    DYNAMICS   (Kinetics  and -Statics).     With 

numerous  Exercises.     A  Text-book  for  Junior  Students.     Crown  8vo.,  6s. 

A  FIRST  BOOK    IN   STATICS   AND   DYNAMICS.      With 

numerous  Examples  and  Answers.     Crown  8vo,  35.  6d. 
Sold  separately :  Statics,  2s.  ;  Dynamics,  2s. 

SMITH.—  Works  by  J.  HAMBLIN  SMITH,  M.A. 
ELEMENTARY  STATICS.     Crown  8vo.,  3* 
ELEMENTARY  HYDROSTATICS.     Crown  8vo.,  3*. 
KEY  TO  STATICS  AND  HYDROSTATICS.    Crown  8vo.,  6s. 

TARLETON.—P^  INTRODUCTION  TO  THE  MATHE- 
MATICAL THEORY  OF  ATTRACTION.  By  FRANCIS  A.  TARLETON, 
LL.D.,  Sc.D.,  Fellow  of  Trinity  College,  and  Professor  of  Natural  Philosophy 
in  the  University  of  Dublin.  Crown  8vo.,  IQJ.  6d. 

TA  YLOR.—  Works  by  J,  E.  TAYLOR,  M.A.,  B.Sc.  (Lond.). 
THEORETICAL   MECHANICS,  including   Hydrostatics   and 

Pneumatics.     With  175  Diagrams  and  Illustrations,   and  522  Examination 
Questions  and  Answers.     Crown  8vo. ,  zs.  6d. 

THEORETICAL  MECHANICS— SOLIDS.  With  163  Illus- 
trations, 120  Worked  Examples  and  over  500  Examples  from  Examination 
Papers,  etc.  Crown  8vo.,  zs.  6d. 

THEORETICAL  MECHANICS.— FLUIDS.  With  122  Illus- 
trations, numerous  Worked  Examples,  and  about  500  Examples  from  Ex- 
amination Papers,  etc.  Crown  8vo. ,  2s.  6d. 

THORNTO  N.— THEORETICAL    MECHANICS— SOLIDS. 

Including  Kinematics,  Statics  and  Kinetics.  By  ARTHUR  THORNTON,  M.A., 
F.R.A.S.  With  200  Illustrations,  130  Worked  Examples,  and  over  900 
Examples  from  Examination  Papers,  etc.  Crown  8vo. ,  4^.  6d. 
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MECHANICS,     DYNAMICS,    STATICS,    HYDROSTATICS,    ETC. 

Continued. 

TWISDEN.— Works  by  the  Rev.  JOHN    F.  TWISDEN,  M.A. 
PRACTICAL   MECHANICS;   an  Elementary  Introduction  to 

their  Study.     With  855  Exercises,  and  184  Figures  and  Diagrams.     Crown 
8vo.,  -LOS.  6d. 

THEORETICAL      MECHANICS.        With      172      Examples, 

numerous  Exercises,  and  154  Diagrams.     Crown  8vo. ,  8s.  6d. 

WILLIAMSON.— INTRODUCTION  TO  THE  MATHE- 
MATICAL THEORY  OF  THE  STRESS  AND  STRAIN  OF  ELASTIC 
SOLIDS.  By  BENJAMIN  WILLIAMSON,  D.Sc.,  F.R.S.  Crown  8vo.,  55. 

WILLIAMSON    AND     TARLETON.—AN     ELEMENTARY 

TREATISE  ON  DYNAMICS.  Containing  Applications  to  Thermodynamics, 
with  numerous  Examples.  By  BENJAMIN  WILLIAMSON,  D.Sc.,  F.R.S.,  and 
FRANCIS  A.  TARLETON,  LL.D.  Crown  8vo.,  ios.  6d. 

WORTHINGTON.—V™&M.IC§  OF  ROTATION:  an  Ele- 
mentary introduction  to  Rigid  Dynamics.  By  A.  M.  WORTHINGTON,  M.A. , 

F.R.S.     Crown  8vo.,  4^.  6d. 


OPTICS  AND  PHOTOGRAPHY. 

ABNEY.—  A  TREATISE  ON  PHOTOGRAPHY.  By  Sir  WILLIAM 

DE  WIVELESLIE  ABNEY,  K.C.B.,  F.R.S.,  Principal  Assistant  Secretary  of  the 
Secondary  Department  of  the  Board  of  Education.  With  115  Woodcuts.  Fcp. 
8vo.,  3-y.  6d. 

GLAZE3ROOK.—  PHYSICAL    OPTICS.      By   R.    T.    GLAZE- 

BROOK,  M.A.,  F.R.S.,  Principal  of  University  College,  Liverpool.  With  183 
Woodcuts  of  Apparatus,  etc.  Fcp.  8vo.  ,  6s. 


.—  OPTICAL  PROJECTION  :  a  Treatise  on  the  Use 

of  the  Lantern  in  Exhibition  and  Scientific  Demonstration.  By  LEWIS  WRIGHT, 
Author  of  '  Light  :  a  Course  of  Experimental  Optics  '.  With  232  Illustrations. 
Crown  8vo.  ,  6s. 


SOUND,  LIGHT,  HEAT,  AND  THERMODYNAMICS. 

GUMMING.— HEAT  TREATED  EXPERIMENTALLY.     By 

LINNAEUS  GUMMING,  M.A.     With  192  Illustrations.     Crown  8vo. ,  4^.  6d. 

DA  Y.— NUMERICAL    EXAMPLES    IN    HEAT.      By    R.    E. 
DAY,  M.A.     Fcp.  8vo.,  35.  6d. 
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SOUND,  LIGHT,   HEAT,   AND  THERMODYNAMICS—  Continued. 

EMTAGE.—  LIGHT.      By    W.    T.    A.    EMTAGE,    M.A.      With 

232  Illustrations.     Crown  8vo.,  6s. 

HELMHOLTZ.—W  THE  SENSATIONS   OF  TONE  AS  A 

PHYSIOLOGICAL  BASIS  FOR  THE.  THEORY  OF  MUSIC.      By  HER- 
MANN VON  HELMHOLTZ.     Royal  8vo.  ,  285. 

MADAN.—AN    ELEMENTARY    TEXT-BOOK    ON    HEAT. 

For  the  Use  of  Schools.     By  H.  G.  MADAN,  M.A.,  F.C.S.,  Fellow  of  Queen's 
College,  Oxford  ;  late  Assistant  Master  at  Eton  College.     Crown  8vo.  ,  gs. 

MAXWELL.—  THEORY  OF  HEAT.     By  J.  CLERK  MAXWELL, 

M.A.,  F.R.SS.,  L.  and  E.     With  Corrections  and  Additions  by  Lord  RAY- 
LEIGH.     With  38  Illustrations.     Fcp.  8vo.,  4^.  6d. 

SMITtf.—THE  STUDY  OF  HEAT.      By  J.  HAMBLIN  SMITH, 

M.A.,  of  Gonville  and  Caius  College,  Cambridge.     Crown  8vo.,  3.?. 


by    JOHN    TYNDALL,    D.C.L.,    F.R.S. 
See  p.  28. 

WORMELL.—^    CLASS-BOOK    OF    THERMODYNAMICS. 

By  RICHARD  WORMELL,  B.Sc.,  M.A.     Fcp.  8vo.,  is.  6d. 

WRIGHT.—  Works  by  MARK  R.  WRIGHT,  M.A. 
SOUND,    LIGHT,    AND    HEAT.      With    160    Diagrams   and 

Illustrations.     Crown  8vo.  ,  2s.  6d. 

ADVANCED    HEAT.       With     136    Diagrams   and   numerous 

Examples  and  Examination  Papers.     Crown  8vo.  ,  45.  6d. 


STEAM,  OIL,  AND  GAS  ENGINES. 

BALE.—K  HAND-BOOK  FOR  STEAM  USERS;  being  Rules 

for  Engine  Drivers  and  Boiler  Attendants,  with  Notes  on  Steam  Engine  and 
Boiler  Management  and  Steam  Boiler  Explosions.  By  M.  Powis  BALE, 
M.I.M.E.,  A.M.I. C.E.  Fcp.  8vo.,  2s.  6d. 

CLERK.— THE    GAS    AND     OIL     ENGINE.      By    DUGALD 

CLERK,  Associate  Member  of  the  Institution  of  Civil  Engineers,  Fellow  of  the 
Chemical  Society,  Member  of  the  Royal  Institution,  Fellow  of  the  Institute  of 
Patent  Agents.  With  228  Illustrations.  8vo.,  15^. 

HOLMES.— THE    STEAM    ENGINE.       By    GEORGE    C.    V. 

HOLMES,  Whitworth  Scholar,  Secretary  of  the  Institution  of  Naval  Architects. 
With  212  Woodcuts.  Fcp.  8vo.,  6s.  * 
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STEAM,  OIL,  AND  CAS  ENGINES—  Continued. 

NOXRIS.—&   PRACTICAL    TREATISE   ON   THE   'OTTO 

CYCLE  GAS  ENGINE.     By  WILLIAM  NORRIS,  M.LMech.E.     With  207 
Illustrations.     8vo.,  iox  6d. 

RIPPER.—  Works  by  WILLIAM  RIPPER,  Professor  of  Mechani- 
cal Engineering  in  the  Sheffield  Technical  School. 

STEAM.     With  142  Illustrations.     Crown  8vo.,  2s.  6d. 
STEAM  ENGINE  THEORY  AND  PRACTICE.      With  438 

Illustrations.     8vo.  ,  gs. 


SENNETTAND  OXAM-.—THE  MARINE  STEAM  ENGINE: 

A  Treatise  for  Engineering  Students,  Young  Engineers  and  Officers  of  the 
Royal  Navy  and  Mercantile  Marine.  By  the  late  RICHARD  SENNETT, 
Engineer-in-Chief  of  the  Navy,  etc.  ;  and  HENRY  J.  ORAM,  Senior  Engineer 
Inspector  at  the  Admiralty,  Inspector  of  Machinery  in  H.M.  Fleet,  etc. 
With  412  Diagrams.  8vo.,  2is. 

STROME  YER.—  MARINE    BOILER    MANAGEMENT  AND 

CONSTRUCTION.  Being  a  Treatise  on  Boiler  Troubles  and  Repairs, 
Corrosion,  Fuels,  and  Heat,  on  the  properties  of  Iron  and  Steel,  on  Boiler 
Mechanics,  Workshop  Practices,  and  Boiler  Design.  By  C.  E.  STROMEYER, 
Member  of  the  Institute  of  Naval  Architects,  etc.  8vo.  ,  i8j.  net. 


BUILDING  CONSTRUCTION. 

ADVANCED  BUILDING  CONSTRUCTION.     By  the  Author 

of  '  Rivingtons'  Notes  on  Building  Construction '.  With  385  Illustrations. 
Crown  8vo. ,  45.  6d. 

BURRELL.— BUILDING  CONSTRUCTION.     By  EDWARD  J. 

BURRELL,  Second  Master  of  the  People's  Palace  Technical  School,  London. 
With  303  Working  Drawings.  Crown  8vo. ,  2s.  6d. 

SEDDON.— BUILDER'S    WORK    AND    THE    BUILDING 

TRADES.  By  Col.  /H.  C.  SEDDON,  R.E.,  late  Superintending  Engineer, 
H.M.'s  Dockyard,  Portsmouth;  Examiner  in  Building  Construction,  Science 
and  Art  Department,  South  Kensington.  With  numerous  Illustrations. 
Medium  8vo. ,  165. 

RIVINGTONS'  COURSE  OF  BUILDING  CONSTRUCTION. 

NOTES    ON    BUILDING    CONSTRUCTION.      Arranged    to 

meet  the  requirements  of  the  syllabus  of  the  Science  and  Art  Department  of  the 
Committee  of  Council  on  Education,  South  Kensington.  Medium  8vo. 

Part  I.     Elementary  Stage.     With  552  Woodcuts,  los.  6d. 
Part  II.     Advanced  Stage.     With  479  Woodcuts,  105-.  6d. 

Part  III.      Materials.      Course  for  Honours.     With   188  Wood- 
cuts, 2IJ. 

Part    IV.      Calculations    for    Building    Structures.      Course    for 
Honours.     With  597  Woodcuts,  15^. 
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ELECTRICITY  AND  MAGNETISM. 

CAR  US-  WILSO N.— ELECTRO-DYNAMICS  :  the  Direct- 
Current  Motor.  By  CHARLES  ASHLEY  CARUS- WILSON,  M.A.  Cantab.  With 
71  Diagrams,  and  a  Series  of  Problems,  with  Answers.  Crown  8vo.,  js.  6d. 

C  U  MM  ING.— ELECTRICITY  TREATED  EXPERIMEN- 
TALLY. By  LINNAEUS  GUMMING,  M.A.  With  242  Illustrations.  Cr.  8vo. ,  45. 6d. 

DA  K— EXERCISES   IN   ELECTRICAL    AND    MAGNETIC 

MEASUREMENTS,  with  Answers.     By  R.  E.  DAY.     12010.,  35.  6d. 

DU  BO  IS.— THE    MAGNETIC    CIRCUIT    IN    THEORY 

AND  PRACTICE.      By  Dr.  H.   Du  Bois.      Translated  by  E.  ATKINSON, 
Ph.D.     With  94  Illustrations.     8vo.,  I2J.  net. 

EBERT.—  MAGNETIC  FIELDS  OF  FORCE.     By  H.  EBERT. 

With  93  Illustrations.     8vo.,  IQS.  6d.  net. 

GORE.— THE  ART  OF  ELECTRO-METALLURGY,  including 

all  known  Processes  of  Electro-Deposition.    By  G.  GORE,  LL.D.,  F.R.S.    With 
56  Woodcuts.     Fcp.  8vo.,  6s. 

HENDERSON.— WorksbyJOHNHENDERSON,D.Sc.,F.R.S.E. 
PRACTICAL  ELECTRICITY  AND    MAGNETISM.      With 

159  Illustrations  and  Diagrams.     Crown  8vo.,  6s.  6d. 

PRELIMINARY  PRACTICAL  MAGNETISM  AND  ELEC- 
TRICITY: A  Text-book  for  Organised  Science  Schools  and  Elementary 
Evening  Science  Schools.  Crown  8vo.,  is. 

JENKIN.— ELECTRICITY  AND  MAGNETISM.    By  FLEEMING 

JENKIN,  F.R.S.S.,  L.  andE.,  M.I.C.E.  With  177  Illustrations.  Fcp.  8vo.,  35.  6d. 

JOUBERT.— ELEMENTARY  TREATISE  ON  ELECTRICITY 

AND  MAGNETISM.     By  G.  C.  FOSTER,  F.R.S. ,  and  E.  ATKINSON,  Ph.D. 
With  381  Illustrations.     Crown  8vo. ,  js.  6d. 

JOYCE.— EXAMPLES   IN    ELECTRICAL    ENGINEERING. 

By  SAMUEL  JOYCE,  A.I.E.E.     Crown  8vo.,  55. 

LARDEN.— ELECTRICITY  FOR  PUBLIC  SCHOOLS  AND 

COLLEGES.    By  W.  LARDEN,  M.A.     With  215  Illustrations.     Cr.  8vo.,  6s. 

MERRIFIELD.— MAGNETISM  AND  DEVIATION  OF  THE 

COMPASS.     By  JOHN  MERRIFIELD,  LL.D.,  F.R.A.S.,  i8mo.,  zs.  6d. 
PO  YSER.— Works  by  A.  W.  POYSER,  M.A. 

MAGNETISM  AND  ELECTRICITY.    With  235  Illustrations. 
Crown  8vo. ,  zs.  6d. 

ADVANCED   ELECTRICITY   AND   MAGNETISM.      With 

317  Illustrations.     Crown  8vo. ,  45.  6d. 

SLINGO  AND   SROOKER.— Works   by  W.    SLINGO   and   A. 

BROOKER. 
ELECTRICAL  ENGINEERING  FOR  ELECTRIC  LIGHT 

ARTISANS  AND  STUDENTS.    With  359  Illustrations.    Crown  8vo.,  i2s. 

PROBLEMS     AND      SOLUTIONS      IN      ELEMENTARY 

ELECTRICITY  AND  MAGNETISM.    With  67  Illustrations.    Cr.  8vo. ,  as. 

TYNDALL.— WorksbyJOHNTYNDALL,D.C.L.,F.R.S.  Seep.28. 
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TELEGRAPHY  AND  THE  TELEPHONE. 
HOPKINS.— THE,  TELEPHONE  :  Outlines  of  the  Development 

of  Transmitters  and  Receivers.  By  WILLIAM  J.  HOPKINS,  Professor  of  Physics 
in  the  Drexel  Institute,  Philadelphia ;  Author  of  '  Telephone  Lines  and  their 
Properties,'  etc.  With  7  Full-page  Illustrations  and  39  Diagrams.  Crown  8vo. , 
3-y.  6d. 

PREECE  AND  SI VEWRIGHT.- TELEGRAPHY.    By  Sir  W. 

H.  PREECE,  K.C.B.,  F.R.S.,  V.P.Inst.,  C.E.,  etc.,  Engineer-in-Chief  and  Elec- 
trician, Post  Office  Telegraphs ;  and  Sir  J.  SIVEWRIGHT,  K.C.M.G.,  General 
Manager,  South  African  Telegraphs.  With  267  Illustrations.  Fcp.  8vo. ,  6s. 


ENGINEERING,  STRENGTH  OF  MATERIALS,  ETC. 

ANDERSON.— THE   STRENGTH    OF    MATERIALS    AND 

STRUCTURES  :  the  Strength  of  Materials  as  depending  on  their  Quality  and 
as  ascertained  by  Testing  Apparatus.  By  Sir  J.  ANDERSON,  C.E.,  LL.D. , 
F.R.S.E.  With  66  Woodcuts.  Fcp.  8vo.,  y.  6d. 

BARR Y.— RAILWAY  APPLIANCES:  a  Description  of  Details 

of  Railway  Construction  subsequent  to  the  completion  of  the  Earthworks  and 
Structures.  By  Sir  JOHN  WOLFE  BARRY,  K.C.B.,  F.R.S.,  M.I.C.E.  With 
218  Woodcuts.  Fcp.  8vo.,  4s.  6d. 

GOODMAN.-  MECHANICS  APPLIED  TO  ENGINEERING. 

By  JOHN  GOODMAN,  Wh.Sch. ,  A.  M.  I.  C.  E. ,  M.  I.M .  E. ,  Professor  of  Engineering 
in  the  Yorkshire  College,  Leeds  (Victoria  University).  With  620  Illustrations 
and  numerous  Examples.  Crown  8vo. ,  js.  6d.  net. 

L  O  W.  —  A  POCKET-BOOK  FOR  MECHANICAL  EN- 
GINEERS. By  DAVID  ALLAN  Low  (Whitworth  Scholar),  M.I.Mech.E., 
Professor  of  Engineering,  East  London  Technical  College  (People's  Palace), 
London.  With  over  1000  specially  prepared  Illustrations.  Fcp.  8vo. ,  gilt  edges, 
rounded  corners,  ys.  6d. 

SMITH.— GRAPHICS,  or  the  Art  of  Calculation  by  Drawing 
Lines,  applied  especially  to  Mechanical  Engineering.  By  ROBERT  H.  SMITH, 
Professor  of  Engineering,  Mason  College,  Birmingham.  Part  I.  With 
separate  Atlas  of  29  Plates  containing  97  Diagrams.  8vo. ,  155. 

STONE  Y.— THE    THEORY    OF   STRESSES   IN   GIRDERS 

AND  SIMILAR  STRUCTURES;  with  Practical  Observations  on  the 
Strength  and  other  Properties  of  Materials.  By  BINDON  B.  STONEY,  LL.D., 
F.R.S.,  M.I.C.E.  With  5  Plates  and  143  Illust.  in  the  Text.  Royal  8vo.,  36*. 

UNWIN.— Works  by  W  CAWTHORNE  UNWIN,  F.R.S.,  B.S.C. 
THE  TESTING  OF  MATERIALS  OF.  CONSTRUCTION. 

A  Text-book  for  the  Engineering  Laboratory  and  a  Collection  of  the  Results 
of  Experiment.  With  5  Plates  and  188  Illustrations  and  Diagrams  in  the 
Text.  8vo.,  165.  net, 

ON    THE    DEVELOPMENT    AND    TRANSMISSION    OF 

POWER  FROM  CENTRAL  STATIONS  :  being  the  Howard  Lectures 
delivered  at  the  Society  of  Arts  in  1893.  With  81  Diagrams.  8vo.,  ioj.  net. 

WARREN.—  ENGINEERING  CONSTRUCTION   IN   IRON, 

STEEL,  AND  TIMBER.  By  WILLIAM  HENRY  WARREN,  Challis  Professor 
of  Civil  and  Mechanical  Engineering,  University  of  Sydney.  With  13  Folding 
Plates  and  375  Diagrams.  Royal  8vo. ,  i6r.  net. 
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LONGMANS'  CIVIL  ENGINEERING  SERIES. 

Edited  by  the  Author  of  '  Notes  on  Building  Construction '. 

TIDAL  RIVERS:  their  (i)  Hydraulics,  (2)  Improvement,  (3) 
Navigation.  By  W.  H.  WHEELER,  M.Inst.C.E.  With  75  Illustrations. 
Medium  8vo. ,  its.  net. 

NOTES  ON  DOCKS  AND  DOCK  CONSTRUCTION.  By  C. 

COLSON,  M.Inst.C.E.,  Deputy  Civil  Engineer-in-Chief,  Admiralty.  With  365 
Illustrations.  Medium  8vo. ,  215.  net. 

PRINCIPLES  AND  PRACTICE  OF  HARBOUR  CON- 
STRUCTION. By  WILLIAM  SHIELD,  F.R.S.E.,  M.Inst.C.E.,  and  Executive 
Engineer,  National  Harbour  of  Refuge,  Peterhead,  N.B.  With  97  Illustrations. 
Medium  8vo. ,  i$s.  net. 

CALCULATIONS     IN     HYDRAULIC     ENGINEERING:     a 

Practical  Text-Book  for  the  use  of  Students,  Draughtsmen  and  Engineers.  By 
T.  CLAXTON  FIDLER,  M.Inst.C.E.,  Professor  of ~ Engineering,  University 
College,  Dundee. 

Part  I.  Fluid  Pressure  and  the  Calculation  of  its  Effects  in  En- 
gineering Structures.  With  numerous  Illustrations  and  Examples.  8vo., 
dr.  6d.  net. 

RAILWAY    CONSTRUCTION.      By  W.    H.   MILLS,   M.I.C.E., 

Engineer-m-Chief  of  the  Great  Northern  Railway  of  Ireland.  With  516  Illus- 
trations and  Diagrams.  8vo. ,  i8.r.  net. 


NAVAL  ARCHITECTURE. 

ATTWOOD.— TEXT-BOOK    OF    THEORETICAL    NAVAL 

ARCHITECTURE  :  a  Manual  for  Students  of  Science  Classes  and  Draughts- 
men Engaged  in  Shipbuilders'  and  Naval  Architects'  Drawing  Offices.  By 
EDWARD  LEWIS  ATTWOOD,  Assistant  Constructor,  Royal  Navy ;  Member  of 
the  Institution  of  Naval  Architects.  With  114  Diagrams.  Crown  8vo.,  js.  6d. 

WATSON.— NAVAL  ARCHITECTURE  :  A  Manual  of  Laying- 
off  Iron,  Steel  and  Composite  Vessels.  By  THOMAS  H.  WATSON,  Lecturer  on 
Naval  Architecture  at  the  Durham  College  of  Science,  Newcastle-upon-Tyne. 
With  numerous  Illustrations.  Royal  8vo.,  i^s.  net. 


MACHINE  DRAWING  AND  DESIGN. 

LOW.- Works  by  DAVID  ALLAN  LOW,  Professor  of  Engineer- 
ing, East  London  Technical  College  (People's  Palace). 
IMPROVED  DRAWING  SCALES.  *   6d.  in  case. 
AN   INTRODUCTION   TO    MACHINE    DRAWING    AND 

DESIGN.     With  153  Illustrations  and  Diagrams.     Crown  8vo,  2s.  6d. 

LOW  AND  BEVIS.—&  MANUAL  OF  MACHINE  DRAWING 

AND  DESIGN.     By  DAVID  ALLAN  Low  and  ALFRED  WILLIAM  BEVIS, 
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UNWIN.—^m^  ELEMENTS  OF  MACHINE    DESIGN.     By 

W.  CAWTHORNE  UNWIN,  F.R.S. 
Part    I.       General     Principles,    Fastenings,    and     Transmissive 

Machinery.     With  304  Diagrams,  etc.     Fcp.  8vo.,  6^. 
Part    II.       Chiefly    on    Engine    Details.       With    174   Woodcuts. 

Fcp.  8vo. ,  4-y.  6d. 
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WORKSHOP  APPLIANCES,  ETC. 

NORTHCOTT.— LATHES  AND  TURNING,  Simple,  Mecha- 
nical and  Ornamental.  By  W.  H.  NORTHCOTT.  With  338  Illustrations. 
8vo.,  i8s. 

SHELLEY.— WORKSHOP   APPLIANCES,  including  Descrip- 

tions  of  some  of  the  Gauging  and  Measuring  Instruments,  Hand-cutting  Tools, 
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MINERALOGY,  METALLURGY,  ETC. 

£AUERMAN.—Wor\is  by  HILARY  BAUERMAN,  F.G.S. 
SYSTEMATIC    MINERALOGY.      With    373    Woodcuts    and 

Diagrams.     Fcp.  8vo.,  6s. 

DESCRIPTIVE    MINERALOGY.      With  236   Woodcuts  and 

Diagrams.     Fcp.  8vo.,  6.$. 

GORE.— THE  ART  OF  ELECTRO-METALLURGY,  including 

all  known  Processes  of  Electro-Deposition.  By  G.  GORE,  LL.D.,  F.R.S. 
With  56  Woodcuts.  Fcp.  8vo. .  6s. 

HUNTINGTON  AND  MCMILLAN.  -METALS :  their  Properties 

and  Treatment.  By  A.  K.  HUNTINGTON,  Professor  of  Metallurgy  in  King's 
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RHEAD.— METALLURGY.      An   Elementary  Text-Book.      By 

E.  C.  RHEAD,  Lecturer  on  Metallurgy  at  the  Municipal  Technical  School, 
Manchester.  With  94  Illustrations.  Fcp.  8vo. ,  y-  6d. 

£17T££Y.—THE  STUDY  OF  ROCKS:  an  Elementary  Text- 
book of  Petrology.  By  F.  RUTLEY,  F.G.S.  With  6  Plates  and  88  Woodcuts. 
Fcp.  8vo. ,  4J.  6d. 


ASTRONOMY,  NAVIGATION,  ETC. 

ABBOTT,— ELEMENTARY    THEORY    OF    THE    TIDES: 

the  Fundamental  Theorems  Demonstrated  without  Mathematics  and  the  In- 
fluence on  the  Length  of  the  Day  Discussed.  By  T.  K.  ABBOTT,  B.D.,  Fellow 
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ASTRONOMY,    NAVIGATION,   E.TC.-Confinued. 

DE    CAMPIGNEULLES.—  OBSERVATIONS    TAKEN    AT 

DUMRAON,  BEHAR,  INDIA,  during  the  Eclipse  of  the  22nd  Jcanuary,  1898, 
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LOWELL.— MARS.      By    PERCIVAL    LOWELL,   Fellow  American 
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With  24  Plates.  8vo. ,  125.  6d. 

MARTIN.— NAVIGATION  AND  NAUTICAL  ASTRONOMY. 
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MERRIFIELD.—^    TREATISE    ON    NAVIGATION.      For 

the  Use  of  Students.  By  J.  MERRIFIELD,  LL.D.,  F.R.A.S.,  F.M.S.  With 
Charts  and  Diagrams.  Crown  8vo. ,  $s 

PARKER.— ELEMENTS  OF  ASTRONOMY.  With  Numerous 
Examples  and  Examination  Papers.  By  GEORGE  W.  PARKER,  M.A.,  of 
Trinity  College,  Dublin.  With  84  Diagrams.  8vo. ,  55.  6d.  net. 

WEBB.— CELESTIAL  OBJECTS  FOR  COMMON  TELE- 
SCOPES. By  the  Rev.  T.  W.  WEBB,  M.A.,  F.R.A.S.  Fifth  Edition, 
Revised  and  greatly  Enlarged  by  the  Rev.  T.  E.  Espik,  M.A. ,  F.R.A.S.  (Two 
Volumes.)  Vol.  I.,  with  Portrait  and  a  Reminiscence  of  the  Author,  2  Plates, 
and  numerous  Illustrations.  Crown  8vo.,  6s.  Vol.  II.,  with  numerous  Illustra- 
tions. Crown  8vo. ,  6s.  6d. 


WORKS  BY  RICHARD  A.  PROCTOR. 

THE  MOON :  Her  Motions,  Aspect,  Scenery,  and  Physical 
Condition.  With  many  Plates  and  Charts,  Wood  Engravings,  and  2  Lunar 
Photographs.  Crown  8vo. ,  3^.  6d. 

OTHER    WORLDS    THAN    OURS:    the    Plurality   of    Worlds 

Studied  Under  the  Light  of  Recent  Scientific  Researches.    With  14  Illustrations ; 
Map,  Charts,  etc.     Crown  8vo. ,  3*.  6d. 

OUR  PLACE  AMONG  INFINITIES :   a  Series  of  Essays  con- 

trasting  our  Little  Abode  in  Space  and  Time  with  the  Infinities  around  us. 
Crown  8vo.,  3^.  6d. 

[OVER. 
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WORKS   BY  RICHARD  A.    PROCTOR- Continued. 

MYTHS  AND   MARVELS    OF   ASTRONOMY.      Crown  8vo., 

y.  6d. 

LIGHT  SCIENCE  FOR  LEISURE  HOURS :    Familiar  Essays 

on  Scientific  Subjects,  Natural  Phenomena,  etc.     3  vols. ,  crown  8vo. ,  55.  each. 
Vol.  I.     Cheap  Edition.     Crown  8vo.,  y.  6d. 

THE  ORBS  AROUND  US;    Essays  on  the  Moon  and  Planets, 

Meteors  and  Comets,  the  Sun  and  Coloured  Pairs  of  Suns.    Crown  8vo. ,  y.  6d. 

THE  EXPANSE  OF  HEAVEN :  Essays  on  the  Wonders  of  the 

Firmament.     Crown  8vo. ,  3^.  6d. 

OTHER  SUNS  THAN  OURS  :  a  Series  of  Essays  on  Suns— Old, 

Young,  and  Dead.  With  other  Science  Gleanings.  Two  Essays  on  Whist, 
and  Correspondence  with  Sir  John  Herschel.  With  9  Star-Maps  and  Diagrams. 
Crown  8vo. ,  35.  6d. 

HALF-HOURS   WITH  THE  TELESCOPE :    a  Popular  Guide 

to  the  Use  of  the  Telescope  as  a  means  of  Amusement  and  Instruction.  With 
7  Plates.  Fcp.  8vo. ,  2s.  6d. 

NEW   STAR   ATLAS   FOR  THE    LIBRARY,  the  School,  and 

the  Observatory,  in  Twelve  Circular  Maps  (with  Two  Index-Plates).  With  an 
Introduction  on  the  Study  of  the  Stars.  Illustrated  by  9  Diagrams.  Cr.  8vo.,  55. 

THE   SOUTHERN    SKIES:    a  Plain   and   Easy  Guide   to   the 

Constellations  of  the  Southern  Hemisphere.  Showing  in  12  Maps  the  position 
of  the  principal  Star-Groups  night  after  night  throughout  the  year.  With  an 
Introduction  and  a  separate  Explanation  of  each  Map.  True  for  every  Year. 
4*o.,  5-r. 

HALF-HOURS  WITH  THE  STARS :  a  Plain  and  Easy  Guide 

to  the  Knowledge  of  the  Constellations.  Showing  in  12  Maps  the  position  of 
the  principal  Star-Groups  night  after  night  throughout  the  year.  With  Intro- 
duction and  a  separate  Explanation  of  each  Map.  True  for  every  Year. 
4to. ,  y.  6d. 

LARGER  STAR  ATLAS  FOR  OBSERVERS  AND  STUDENTS. 

In  Twelve  Circular  Maps,  showing  6000  Stars,  1500  Double  Stars,  Nebulae,  etc. 
With  2  Index-Plates.  Folio,  155. 

THE    STARS    IN    THEIR    SEASONS:    an    Easy   Guide   to   a 

Knowledge  of  the  Star-Groups.     In  12  Large  Maps.     Imperial  8vo.,  $s. 

ROUGH     WAYS     MADE     SMOOTH.        Familiar    Essays    on 

Scientific  Subjects.      Crown  8vo.,  y.  6d. 

PLEASANT  WAYS  IN  SCIENCE.     Crown  8vo.,  3*.  6d. 
NATURE  STUDIES.      By  R.  A.  PROCTOR,  GRANT  ALLEN,  A. 

WILSON,  T.  FOSTER,  and  E.  CLODD.     Crown  8vo.,  y.  6d. 

LEISURE   READINGS.      By  R.   A.    PROCTOR,   E.    CLODD,   A. 

WILSON,  T.  FOSTER,  and  A.  C.  RANVARD.     Crown  8vo.,  3^.  6d. 

PHYSIOGRAPHY  AND  GEOLOGY. 

BIRD.— Works  by  CHARLES  BIRD,  B.A. 

ELEMENTARY   GEOLOGY.      With   Geological    Map   of   the 

British  Isles,  and  247  Illustrations.     Crown  8vo. ,  zs.  6d. 

ADVANCED  GEOLOGY.     A  Manual  for  Students  in  Advanced 

Classes  and  for  General  Readers.  With  over  300  Illustrations,  a  Geological 
Map  of  the  British  Isles  (coloured),  and  a  set  of  Questions  for  Examination. 
Crown  8vo.,  ys.  6d. 
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PHYSIOGRAPHY    AND    GEOLOGY- Continued. 

GREEN.— PHYSICAL   GEOLOGY    FOR   STUDENTS   AND 

GENERAL  READERS.  By  A.  H.  GREEN,  M.A.,  F.G.S.  With  236  Illus- 
trations. 8vo.,  2i.?. 

MORGAN.  —  ELEMENTARY     PHYSIOGRAPHY.       Treated 

Experimentally.  By  ALEX.  MORGAN,  M.A.,  D.Sc.,  F.R.S.E.,  Lecturer  in 
Mathematics  and  Science,  Church  of  Scotland  Training  College,  Edinburgh. 
With  4  Maps  and  243  Diagrams.  Crown  8vo. ,  2s.  6d. 

THORNTON.— Works  by  J.  THORNTON,  M.A. 
ELEMENTARY  PRACTICAL  PHYSIOGRAPHY. 
Part  I.     With  215  Illustrations.     Crown  8vo.,  2s.  6d. 
Part  II.     With  98  Illustrations.     Crown  8vo.,  2S.  6d. 
ELEMENTARY   PHYSIOGRAPHY:    an  Introduction  to  the 

Study  of  Nature.     With  13  Maps  and  295  Illustrations.     With  Appendix  on 
Astronomical  Instruments  and  Measurements.     Crown  8vo.,  zs.  6d. 

ADVANCED    PHYSIOGRAPHY.      With   6   Maps    and    203 

Illustrations.     Crown  8vo.,  45.  6d. 


NATURAL  HISTORY  AND  GENERAL  SCIENCE. 

£EDDARD.—rTK&  STRUCTURE  AND  CLASSIFICATION 

OF  BIRDS.  By  FRANK  E.  BEDDARD,  M.A.,  F.R.S.,  Prosector  and  Vice- 
Secretary  of  the  Zoological  Society  of  London.  With  252  Illustrations.  8vo., 
2is.  net. 

J?URNEAUX.—\Nor\i$  by  WILLIAM  FURNEAUX,  F.R.G.S. 
THE  OUTDOOR  WORLD ;  or,  The  Young  Collector's  Hand- 
book.    With  18  Plates,  16  of  which  are  coloured,  and  549  Illustrations  in  the 
Text.     Crown  8vo. ,  6s.  net. 

LIFE  IN  PONDS  AND  STREAMS.     With  8  Coloured  Plates 

and  331  Illustrations  in  the  Text.     Crown  8vo. ,  6s.  net. 

BUTTERFLIES  AND  MOTHS  (British).     With  12  Coloured 

Plates  and  241  Illustrations  in  the  Text.     Crown  8vo. ,  6s.  net. 

HUDSON.— BRITISH  BIRDS.     By  W.  H.  HUDSON,  C.M.Z.S. 

With  8  Coloured  Plates  from  Original  Drawings  by  A.  THORBURN,  and  8  Plates 
and  zoo  Figures  by  C.  E.  LODGE,  and  3  Illustrations  from  Photographs. 
Crown  8vo.,  6s.  net. 

JVANSEN.  —  THE    NORWEGIAN     NORTH     POLAR    EX- 
PEDITION, 1893-1896  :  Scientific  Results.     Edited  by  FRIDTJOF  NANSEN. 
Volume  I.     With  44  Plates  and  numerous  Illustrations  in  the  Text.     Demy 
4to,  4os.  net. 
CONTENTS:   i.  COLIN  ARCHER:  The  Fram — 2.  J.  F.  POMPECKJ  :   The  Jurassic  Fauna  of 

Cape  Flora.     With  a  Geological  Sketch  of  Cape  Flora  and  its  Neighbourhood  by  FRIDTJOF 

NANSEN — 3.  A.  G.  NATHORST:  Fossil  Plants  from  Franz  Josef  Land — 4.  R.  COLLETT  and  F. 

NANSEN  :  An  Account  of  the  Birds — 5.  G.  O.  SARS:  Crustacea. 

***  The  aim  of  this  Report  (which  will  be  published  in  English  only)  is  to  give,  in  a  series  of 

separate  Memoirs,  a  complete  account  of  the  Scientific  Results  of  the  Norwegian  Polar  Expedition, 

1893-1896.     The  whole  work  is  estimated  to  form  jive  or  six  Quarto  Volumes,  which  it  is  hoped 

will  be  finished  in  the  course  of  about  two  years. 

STANLEY.— A  FAMILIAR  HISTORY    OF   BIRDS.      By  E. 

STANLEY,  D.D.,  formerly  Bishop  of  Norwich.  With  160  Illustrations.  Crown 
8vo,  3-y.  6d. 
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MANUFACTURES,  TECHNOLOGY,  ETC. 

BELL.— JACQUARD  WEAVING  AND  DESIGNING.    By  F.  T. 

BELL.     With  199  Diagrams.     8vo.,  i2s.  net. 

CALDER.  —  THE  PREVENTION  OF  FACTORY  ACCI- 
DENTS :  being  an  Account  of  Manufacturing  Industry  and  Accident,  and  a 
Practical  Guide  to  the  Law  on  the  Safe-guarding,  Safe-working  and  Safe-con- 
struction of  Factory  Machinery,  Plant  and  Premises.  By  JOHN  CALDER, 
sometime  Her  Majesty's  Inspector  of  Factories  for  the  North  of  Scotland. 
With  20  Tables  and  124  Illustrations.  Crown  8vo.,  -js.  6d.  net. 

LUPTON.— MINING.     An  Elementary  Treatise  on  the  Getting 

of  Minerals.  By  ARNOLD  LUPTON,  M.I.C.E.,  F.G.S.,  etc.  With  596  Diagrams 
and  Illustrations.  Crown  8vo.,  gs.  net. 

MORRIS  AND  WILKINSON.—  THE  ELEMENTS  OF  COT- 
TON SPINNING.  By  JOHN  MORRIS  and  F.  WILKINSON.  With  a  Preface 
by  Sir  B.  A.  DOBSON,  C.E.,  M.I.M.E.  With  169  Diagrams  and  Illustrations. 
Crown  8vo. ,  7$.  6d.  net. 

SHARP.— BICYCLES     AND    TRICYCLES  :     an    Elementary 

Treatise  on  their  Design  and  Construction.  With  Examples  and  Tables.  By 
ARCHIBALD  SHARP,  B.Sc.  With  565  Illustrations  and  Diagrams.  Cr.  8vo.,  15^. 

TA  YLOR.— COTTON    WEAVING    AND    DESIGNING.      By 

JOHN  T.  TAYLOR.     With  373  Diagrams.     Crown  8vo. ,  js.  6d,  net. 

WATTS.— AN    INTRODUCTORY    MANUAL   FOR   SUGAR 

GROWERS.  By  FRANCIS  WATTS,  F.C.S.,  F.I.C.  With  20  Illustrations. 
Crown  8vo. ,  6s. 

HEALTH  AND  HYGIENE. 

ASHB  Y.— HEALTH  IN  THE  NURSERY.     By  HENRY  ASHBY, 

M.D.,  F.R.C.P. ,  Physician  to  the  Manchester  Children's  Hospital,  and 
Lecturer  on  the  Diseases  of  Children  at  the  Owens  College.  With  25 
Illustrations.  Crown  8vo.,  3^.  6d. 

BUCKTON.  —  HEALTH     IN    THE     HOUSE  ;     Twenty- five 

Lectures  on  Elementary  Physiology.  By  Mrs.  C.  M.  BUCKTON.  With  41 
Woodcuts  and  Diagrams.  Crown  8vo. ,  2s. 

CORFIELD.—^HK  LAWS  OF  HEALTH.      By  W.   H.   COR- 

FIELD,  M.A.,  M.D.     Fcp.  8vo.,  is.  6d. 

NOTTER  AND  FIRTH.— Works  by  J.  L.  NOTTER,  M.A.,  M.D., 

and  R.  H.  FIRTH,  F.R.C.S. 

HYGIENE.     With  95  Illustrations.     Crown  8vo.,  3*.  6d. 
PRACTICAL  DOMESTIC  HYGIENE.     With  83  Illustrations, 

Crown  8vo.,  2s.  6d. 

POORE.— Works  by  GEORGE  VIVIAN  POORE,  M.D. 
ESSAYS  ON  RURAL  HYGIENE.     Crown  8vo.,  6s.  6d. 
THE  DWELLING-HOUSE.      With    36   Illustrations.      Crown 

8vo. ,  33.  6d. 

WILSON.—^  MANUAL  OF  HEALTH-SCIENCE:  adapted 
for  use  in  Schools  and  Colleges.  By  ANDREW  WILSON,  F.R.S.E.,  F.L.S.,  etc. 
With  74  Illustrations.  Crown  8vo. ,  2s.  6d. 
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MEDICINE   AND   SURGERY. 

ASHBY  AND  WRIGHT.— THE  DISEASES  OF  CHILDREN, 

MEDICAL  AND  SURGICAL.  By  HENRY  ASHBY,  M.D.,  Lond.,  F.R.C.P., 
Physician  to  the  General  Hospital  for  Sick  Children,  Manchester;  and  G.  A. 
WRIGHT,  B.A.,  M.B.  Oxon.,  F.R.C.S.,  Eng. ,  Assistant-Surgeon  to  the  Man- 
chester Royal  Infirmary,  and  Surgeon  to  the  Children's  Hospital.  Enlarged 
and  Improved  Edition.  With  192  Illustrations.  8vo.,  2^. 

BENNETT.—  Works  by  WILLIAM  H.  BENNETT,  F.R.C.S., 
Surgeon  to  St.  George's  Hospital;  Member  of  the  Board  of 
Examiners,  Royal  College  of  Surgeons  of  England. 

CLINICAL  LECTURES  ON  VARICOSE  VEINS  OF  THE 

LOWER  EXTREMITIES.     With  3  Plates.     8vo.,  6s. 

ON  VARICOCELE  ;    A  PRACTICAL  TREATISE.     With  4 

Tables  and  a  Diagram.     8vo.,  5*. 

CLINICAL     LECTURES     ON     ABDOMINAL     HERNIA: 

chiefly  in  relation  to  Treatment,  including  the  Radical  Cure.  With  12  Dia- 
grams in  the  Text.  8vo. ,  8s.  6d. 

ON    VARIX,    ITS    CAUSES    AND    TREATMENT,    WITH 

ESPECIAL  REFERENCE  TO  THROMBOSIS  :  an  Address  delivered 
at  the  Inaugural  Meeting  of  the  Nottingham  Medico-Chirurgical  Society, 
Session  1898-99.  8vo. ,  35.  6d. 

jBENTLEY.—K    TEXT-BOOK    OF    ORGANIC    MATERIA 

MEDICA.  Comprising  a  Description  of  the  Vegetable  and  Animal  Drugs  of 
the  British  Pharmacopoeia,  with  some  others  in  common  use.  Arranged 
Systematically,  and  Especially  Designed  for  Students.  By  ROBERT  BENTLEY, 
M.R.C.S.  Eng.,  F.L.S.  With  62  Illustrations  on  Wood.  Crown  8vo.,  js.  6d. 


ESSENTIALS  OF  EXPERIMENTAL  PHY- 
SIOLOGY. For  the  Use  of  Students.  By  T.  G.  BRODIE,  M.D.,  Lecturer  on 
Physiology,  St.  Thomas's  Hospital  Medical  School.  With  2  Plates  and  177 
Illustrations  in  the  Text.  Crown  8vo. ,  6j.  6d. 

CABOT.— Works  by   RICHARD    C.  CABOT,   M.D.,   Physician 

to  Out-patients,  Massachusetts  General  Hospital. 

A  GUIDE  TO  THE  CLINICAL  EXAMINATION  OF  THE 

BLOOD  FOR  DIAGNOSTIC  PURPOSES.     With  3  Coloured  Plates  and 
28  Illustrations  in  the  Text.     8vo.,  i6.r. 

THE  SERUM  DIAGNOSIS  OF  DISEASE.    With  31  Tempera- 
ture Charts  and  9  Illustrations.     Royal  8vo. ,  js.  6d. 

CELL!.— MALARIA,  ACCORDING  TO  THE  NEW  RE- 
SEARCHES. By  Prof.  ANGELO  CELLI,  Director  of  the  Institute  of  Hygiene, 
University  of  Rome.  Translated  from  the  Second  Italian  Edition  by  JOHN 
JOSEPH  EYRE,  M.R.C.P.,  L.R.C.S.  Ireland,  D.P.H.  Cambridge.  With  an 
Introduction  by  Dr.  PATRICK  MANSON,  Medical  Adviser  to  the  Colonial  Office. 
8vo.,  IOJ.  6d. 


20       Scientific   Works  published  by  Longmans,   Green,  6°   Co. 


MEDICINE  AND  SURGERY- Continued. 

CHEYNE  AND  BURGHARD.— A  MANUAL  OF  SURGICAL 

TREATMENT.  By  W.  WATSON  CHEYNE,  M.B.,  F.R.C.S.,  F.R.S.,  Professor 
of  Surgery  in  King's  College,  London,  Surgeon  to  King's  College  Hospital,  etc. ; 
and  F.  F.  BURGHARD,  M.D.  and  M.S.,  F.R.C.S.,  Teacher  of  Practical  Surgery 
in  King's  College,  London,  Surgeon  to  King's  College,  Hospital  (Lond.),  etc. 

Part  I.     The  Treatment  of  General  Surgical  Diseases,  including 

Inflammation,  Suppuration,  Ulceration,  Gangrene,  Wounds  and  their  Compli- 
cations, Infective  Diseases  and  Tumours  ;  the  Administration  of  Anaesthetics. 
With  66  Illustrations.  Royal  8vo. ,  los.  6d.  [Ready. 

Part  II.  The  Treatment  of  the  Surgical  Affections  of  the  Tissues, 
including  the  Skin  and  Subcutaneous  Tissues,  the  Nails,  the  Lymphatic 
Vessels  and  Glands,  the  Fasciae,  Bursae,  Muscles,  Tendons  and  Tendon- 
sheaths,  Nerves,  Arteries  and  Veins.  Deformities.  With  141  Illustrations. 
Royal  8vo.,  145.  [Ready. 

Part  III.     The  Treatment  of  the  Surgical  Affections  of  the  Bones. 
Amputations.     With  100  Illustrations.     Royal  8vo.,  i2s. 
%*  Other  Parts  are  in  preparation. 

CLARKE.— Works  by  J.  JACKSON  CLARKE,  M.B.  Lond., 
F.R.C.S.,  Assistant  Surgeon  at  the  North-west  London  and 
City  Orthopaedic  Hospitals,  etc. 

SURGICAL  PATHOLOGY  AND  PRINCIPLES.     With   194 

Illustrations.     Crown  8vo. ,  los.  6d. 

POST-MORTEM    EXAMINATIONS    IN    MEDICO-LEGAL 

AND  ORDINARY  CASES.  With  Special  Chapters  on  the  Legal  Aspects 
of  Post-mortems,  and  on  Certificates  of  Death.  Fcp.  8vo. ,  2s.  6d. 

COATS.— A     MANUAL     OF     PATHOLOGY.       By    JOSEPH 

COATS,  M.D. ,  late  Professor  of  Pathology  in  the  University  of  Glasgow. 
Fourth  Edition.  Revised  throughout  and  Edited  by  LEWIS  R.  SUTHERLAND, 
M.D. ,  Professor  of  Pathology,  University  of  St.  Andrews.  With  490  Illustra- 
tions. 8vo.,  3U.  6d. 

COOKE.— Works  by  THOMAS  COOK,  F.R.C.S.  Eng.,  B.A.,  B.Sc., 
M.D.,  Paris. 

TABLETS  OF  ANATOMY.  Being  a  Synopsis  of  Demonstra- 
tions given  in  the  Westminster  Hospital  Medical  School.  Eleventh  Edition 
in  Three  Parts,  thoroughly  brought  up  to  date,  and  with  over  700  Illustra- 
tions from  all  the  best  Sources,  British  and  Foreign.  Post  410. 

Part  I.     The  Bones,     js.  6d.  net. 

Part  II.     Limbs,  Abdomen,  Pelvis.     IQS.  6d.  net. 

Part  III.     Head  and  Neck,  Thorax,  Brain.      los.  6d.  net. 

APHORISMS  IN  APPLIED  ANATOMY  AND  OPERATIVE 

SURGERY.  Including  100  Typical  viva  voce  Questions  on  Surface  Marking, 
etc.  Crown  8vo.,  y.  6d. 

DISSECTION  GUIDES.    Aiming  at  Extending  and  Facilitating 

such  Practical  work  in  Anatomy  as  will  be  specially  useful  in  connection  with 
an  ordinary  Hospital  Curriculum.  8vo. ,  los.  6d. 
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MEDICINE  AND  SURGERY—  Continued. 

DAKIN.—K  HANDBOOK  OF  MIDWIFERY.  By  WILLIAM 
RADFORD  DAKIN,  M.D.,  F.R.C.P.,  Obstetric  Physician  and  Lecturer  on 
Midwifery  at  St.  George's  Hospital,  etc.  With  394  Illustrations.  Large 
crown  8vo. ,  i8j. 

DICKINSON.— Works  by  W.  HOWSHIP  DICKINSON,  M.D. 

Cantab.,  F.R.C.P. 
ON    RENAL    AND    URINARY    AFFECTIONS.       With    12 

Plates  and  122  Woodcuts.     Three  Parts.     8vo.,  ^3  45.  6d. 

THE    TONGUE    AS    AN    INDICATION    OF    DISEASE; 

being  the  Lumleian  Lectures  delivered  March,  1888.     8vo.,  75.  6d. 

OCCASIONAL  PAPERS  ON  MEDICAL  SUBJECTS,  1855- 

1896.      8VO.,   T.2S. 

MEDICINE   OLD   AND   NEW.      An  Address  Delivered   on 

the  Occasion  of  the  Opening  of  the  Winter  Session,  1899-1900,  at  St.  George's 
Hospital  Medical  School,  on  2nd  October,  1899.     Crown  8vo.,  2s.  6d. 

DUCKWORTH.— Works  by  SIR  DYCE  DUCKWORTH,  M.D., 
LL.D.,   Fellow  and  Treasurer  of  the  Royal   College  of  Phy- 
sicians, etc. 
THE  SEQUELS  OF  DISEASE  :  being  the  Lumleian  Lectures, 

1896.     8vo. ,  los.  6d. 

THE     INFLUENCE     OF     CHARACTER     AND     RIGHT 

JUDGMENT  IN  MEDICINE  :    the  Harveian  Oration,  1898.     Post  4to. 
2s.  6d. 

EXSCJfSEN.—THE   SCIENCE  AND   ART  OF   SURGERY; 

a  Treatise  on  Surgical  Injuries,  Diseases,  and  Operations.  By  Sir  JOHN  ERIC 
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